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Summary	
Training	in	laparoscopic	surgery	involves	adapting	to	operate	using	a	two-
dimensional	video	image	instead	of	the	three-dimensional	view	of	open	surgery.	
Surgeons	must	overcome	the	lack	of	depth	perception	and	reduced	tactile	feedback.	
These	factors	make	laparoscopic	surgery	technically	difficult,	and	advanced	imaging	
systems	are	required	to	improve	performance	and	reduce	the	risk	of	complications.	
Two	laparoscopic	systems	are	at	the	cutting	edge	of	surgical	video	technology:	3D	
and	4K.	3D	systems	utilise	passive	polarising	glasses	to	restore	binocular	depth	
perception,	whilst	4K	systems	provide	a	2D	image	with	four	times	the	number	of	
pixels	of	high	definition	(HD)	systems.	Limited	evidence	supports	the	clinical	use	of	
3D	over	2D	HD,	however	some	surgeons	cannot	perceive	depth	when	using	them,	
and	they	are	expensive.	Whilst	4K	is	a	2D	technology,	it	has	been	suggested	that	the	
ultra	high	resolution	may	provide	comparable	depth	perception	to	3D.	This	study	
aims	to	determine	whether	3D	systems	provide	better	depth	perception,	and	
quicker,	safer	surgery,	when	compared	to	4K	systems.	It	is	the	first	clinical	study	to	
involve	an	ultra	high	definition,	4K	system.	
	
This	thesis	involved	benchtop	optical	testing,	a	crossover	trial	of	simulated	
laparoscopic	tasks,	and	a	clinical	trial	involving	patients	undergoing	laparoscopic	
cholecystectomy.	Whilst	4K	systems	demonstrated	high	resolution	on	optical	testing,	
pixel	resolution	appears	to	be	only	one	of	several	determinants	of	resolving	power.	
Performance	benefits	in	terms	of	reduced	time,	errors	and	workload	scores	were	
observed	for	novices	and	experts	when	performing	simulated	depth	perception	tasks	
with	3D	when	compared	to	a	non-validated	4K	prototype.	There	was	no	increase	in	
side	effects.	However,	no	improvement	in	operative	time,	error	score,	complications	
or	reattendance	rates	were	seen	with	3D	compared	to	4K	in	the	clinical	trial	of	
laparoscopic	cholecystectomy,	as	performed	by	Consultant	surgeons.	
	
The	conflicting	findings	of	the	simulator	and	clinical	trials	likely	reflect	the	differing	
tasks	used.	Existing	simulator	tasks	predominantly	test	depth	perception,	rather	than	
other	qualities	of	laparoscopic	systems.	The	development	of	new	assessment	
measures	is	required	to	draw	strong	conclusions	about	3D	and	4K	technologies.			 	
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Glossary	
	
2D:	Two-dimensional	
	
3D:	Three-dimensional	
	
Stereopsis/stereoscopic:	producing	depth	perception	from	binocular	disparity	[1].	
	
Simulator	study:	A	study	in	which	participants	perform	ex	vivo	surgical	skills,	for	
example,	in	a	model	abdomen.	
	
Pixels:	The	squares	of	programmable	colour	with	which	images	are	composed	[2].	
	
Resolution:	Resolution	is	a	description	of	image	sharpness	and	detail	[3,4].	As	
resolution	increases,	so	does	the	detail	of	the	image	[4].	When	describing	the	
resolution	of	a	laparoscopic	monitor,	resolution	is	typically	described	by	the	number	
of	horizontal	and	vertical	pixels,	for	example	“1920	×	1080”.	This	is	known	as	‘pixel	
resolution’	[4].	This	is,	however,	a	simplification,	as	resolution	is	dependent	not	only	
on	the	number	of	pixels	but	also	the	density	of	pixels,	i.e.	the	number	of	pixels	in	a	
unit	of	area,	e.g.	pixels	per	inch	(ppi)	[2,4].	This	is	known	as	‘spatial	resolution’.	For	
convenience,	in	this	thesis	pixel	resolution	will	be	used	to	describe	the	resolution	of	
laparoscopic	monitors,	whilst	spatial	resolution	will	be	used	to	describe	the	
resolution	of	recorded	laparoscopic	images.	Resolution	may	be	measured	in	terms	of	
line	pairs	per	millimetre	(lp/mm),	where	each	line	pair	comprises	an	adjacent	black	
and	white	line	[5,6].	This	reflects	the	perceived	sharpness	of	the	image	[3,7].	
	
SD:	Standard	definition,	720	×	480	pixel	resolution	
	
HD:	High	definition,	1920	×	1080	pixel	resolution	
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UHD/4K:	Ultra	high	definition	and	4K	both	describe	pixel	resolutions	with	2160	
pixels	in	the	vertical	direction,	however	they	differ	in	their	number	of	pixels	in	the	
horizontal	direction.	UHD	has	a	resolution	of	3840	×	2160,	whilst	4K	has	a	resolution	
of	4096	×	2160	[8].	UHD	therefore	has	four	times	the	number	of	pixels	of	high	
definition,	whilst	4K	has	an	even	higher	pixel	count.	UHD	can	also	be	used	to	
describe	a	range	of	resolutions	including	4K	and	above.	Some	manufacturers	use	4K	
and	UHD	synonymously.	For	consistency,	the	term	‘4K’	is	preferred	in	this	thesis.	Of	
note,	the	systems	in	this	study	include	an	‘upscaled’	UHD	system.	‘Upscaling’	is	a	
process	of	converting	a	lower	resolution	video	into	a	higher	resolution	video,	for	
example,	converting	HD	to	UHD	[9].	Some	endoscopic	companies	have	utilised	
upscaling	to	allow	existing	HD	cameras	to	be	used	with	large,	UHD	screens.	
Computer	algorithms	use	interpolation	to	fill	in	data	from	the	missing	pixels,	in	order	
to	increase	the	resolution.	However,	upscaling	can	introduce	blurring,	and	upscaled	
UHD	images	have	been	shown	to	be	inferior	to	true	UHD	images	in	perceived	visual	
quality	[9].	
	
Sensor	size,	pixel	size	and	pixel	resolution:	Resolution	is	affected	by	the	physical	
dimensions	of	the	camera	sensor	(sensor	size),	which	is	a	function	of	the	size	of	the	
sensor’s	pixels,	and	the	number	of	pixels	(pixel	resolution)	[10].	Larger	pixels	collect	
light	over	a	larger	area,	leading	to	a	brighter,	but	less	detailed	image.	The	higher	the	
pixel	resolution,	the	more	detailed	the	image.	Sensor	size	is	directly	proportional	to	
field	of	view	[11].	
	
Field	of	view	(FOV):	The	FOV	of	a	camera	is	defined	as	“the	angle	in	object	space	
over	which	objects	are	viewed”	[12].	Whilst	in	the	following	experiments	the	angular	
FOV	in	degrees	was	calculated	experimentally	using	trigonometry,	it	can	also	be	
defined	by	the	equation	[11]:	
	
FOV	=	2	x	tan-1	(sensor	dimension	/	2	x	focal	length)	
	
where	distances	are	measured	in	millimetres.	As	this	equation	demonstrates,	FOV	is	
directly	proportional	to	sensor	size,	and	inversely	proportional	to	focal	length.	
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Endoscope	lenses	are	“wide-angled”	[13],	and	therefore	must	have	short	focal	
lengths	that	allow	them	a	wide	field	of	view.	
	
Focal	length:	Focal	length	is	the	distance	from	a	lens’	optical	centre	to	the	sensor	
(defined	when	focused	at	infinity)	[14].	
	
Aperture	size:	The	size	of	the	opening	that	light	passes	through	to	reach	the	sensor.	
The	larger	the	aperture,	the	more	light	enters	and	the	greater	the	exposure	[15].	
	
f-stop:	is	defined	by	the	equation:	
	
f-stop	=	focal	length	/	effective	aperture	diameter	[16]	
	
The	f-stop	has	important	effects	on	image	quality.	As	f-stop	increases	the	aperture	
diameter	decreases.	As	a	result:	1)	the	amount	of	light	passing	through	the	aperture	
decreases,	thus	decreasing	the	exposure	and	brightness,	and	2)	the	depth	of	field	
increases	[16].	
	
Depth	of	field	(DOF):	Depth	of	field	is	“the	distance	in	front	of	and	beyond	the	
subject	that	appears	to	be	in	focus”	[5].	Depth	of	field	is	inversely	proportional	to	
aperture	size	(and	therefore	is	directly	proportional	to	f-stop,	as	above),	and	is	
directly	proportional	to	the	camera	to	object	distance	[15].	Light	beams	diverge	less	
when	passing	from	an	object	through	a	small	aperture,	and	therefore	are	focused	
over	a	greater	distance,	resulting	in	a	wider	depth	of	field	[17].	Similarly,	light	beams	
diverge	less	when	passing	from	an	object	at	a	long	distance,	resulting	in	a	wider	
depth	of	field	[18].	
	
Working	distance:	The	distance	between	the	object	and	the	front	of	the	lens	[19].	
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Distortion:	
	
													No	distortion																							’Barrel’	distortion													‘Pincushion’	distortion	
	
Figure	1:	The	effect	of	distortion	on	a	grid	image	(adapted	from	[20]).	
	
Pierre	et	al.	describe	distortion	as	“the	alteration	in	the	original	shape	of	an	object	or	
image”	[5].	Distortion	arises	from	the	variation	in	magnification	of	an	image	across	a	
lens’	field	of	view	(when	the	working	distance	is	constant)	[21].	The	further	a	point	is	
from	the	centre	of	the	image,	the	greater	the	effect	of	distortion.	In	barrel	(negative)	
distortion	the	edges	of	the	image	appear	nearer	to	the	centre	than	in	the	
undistorted	image,	whilst	in	pincushion	(positive)	distortion	they	appear	further	
away.	Endoscopes	are	affected	by	barrel	distortion	[22].	Distortion	is	directly	
proportional	to	field	of	view	(and	is	therefore	increased	in	endoscopes,	which	utilise	
wide-angle	lenses,	[13]),	and	is	inversely	proportional	to	focal	length	[21].	Note	that	
it	is	assumed	that	distortion	is	constant	(linear)	throughout	the	lens	and	image.	
	
Note	that	the	above	optical	definitions	describe	the	behaviour	of	a	simple	(single,	
curved)	lens	[16,21],	and	assumes	that	no	other	laparoscope	components	have	a	
significant	effect	on	the	optical	properties	of	the	image.	
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Chapter	1	–	Introduction	and	background	
The	benefits	of	laparoscopic	surgery	
	
Laparoscopic	surgery	involves	the	use	of	“key-hole”	incisions	in	the	abdomen,	
through	which	a	camera	and	multiple	instruments	are	passed	in	order	to	perform	
surgery.	For	many	operations,	this	has	replaced	the	traditional	‘open’	approach	in	
which	a	large	incision	is	made	in	the	abdominal	wall	for	the	surgeon	to	operate	
under	direct	vision.	These	include	operations	on	the	gallbladder,	liver,	bowel,	
stomach,	oesophagus,	pancreas,	kidneys,	gynaecological	organs	and	abdominal	wall	
hernias	[23–31].	When	compared	to	open	surgery,	laparoscopic	approaches	have	
demonstrable	benefits	such	as	reduced	blood	loss	[24,25,27–29],	lower	wound	
infection	rates	[30],	reduced	pain	[24,25,31],	quicker	recovery	[23–26,31]	and	
reduced	hospital	length	of	stay	[23–25,27–30].	Subsequently	laparoscopic	surgery	is	
associated	with	lower	monetary	costs	than	open	surgery,	in	spite	of	the	fact	that	
laparoscopic	equipment	is	relatively	more	expensive	[24,26].	
	
	
The	components	of	laparoscopic	imaging	systems	–	the	
“imaging	chain”	
	
Since	the	1980s,	the	use	of	laparoscopy	has	increased	exponentially,	in	large	part	
due	to	the	advent	of	“video	directed”	laparoscopy.	Prior	to	this,	only	the	operating	
surgeon	could	view	the	laparoscopic	operation,	under	direct	vision	down	the	
eyepiece	of	his	endoscope.	Video	laparoscopy	allowed	an	image	of	the	operation	to	
be	transmitted	to	one	or	more	television	screens,	thereby	permitting	surgical	
assistants	to	use	instruments	to	manipulate	tissues	in	order	to	aid	the	operating	
surgeon.	Subsequently,	more	complicated	laparoscopic	operations	could	be	
attempted	[32].	
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Video	laparoscopy	requires	multiple	components:	the	first	is	the	laparoscope	itself,	
which	is	an	endoscope	that	receives	light	from	a	halogen	or	xenon	bulb	light	source	
via	a	fibre	optic	light	cable	and	transmits	it	to	the	abdominal	cavity	to	provide	
illumination.	The	laparoscope	also	transmits	light	from	the	abdominal	cavity	via	
lenses	to	the	attached	video	camera	head,	which	contains	a	light	sensitive	image	
chip.	The	camera	head	transmits	a	signal	to	a	signal	processor	from	which	the	image	
is	sent	to	a	video	monitor.	In	some	systems,	the	image	sensor	is	located	at	the	
laparoscope’s	tip,	and	the	lenses	and	camera	head	are	eliminated	(“chip	on	the	tip”	
laparoscope).	This	complete	arrangement	has	been	referred	to	as	the	“imaging	
chain”,	to	recognise	the	fact	that	each	of	these	components	is	critical	to	high	image	
quality	[32].	Of	note,	the	resolution	of	the	final	image	will	be	only	as	high	as	that	of	
the	lowest	resolution	element	in	the	chain.	
	
	
Challenges	relating	to	laparoscopic	surgery	
	
One	of	the	major	advances	in	laparoscopic	systems	during	the	last	30	years	has	been	
the	development	of	‘high-definition’	(HD)	cameras	and	monitors,	which	provides	
surgeons	with	a	greater	image	resolution,	and	a	much	clearer	and	more	detailed	
image	[32].	However,	these	high-definition	systems	are	still	two-dimensional	(2D);	
the	operation	is	displayed	as	a	flat	image	on	the	monitor.	One	of	the	first	steps	in	
training	for	laparoscopic	surgery	is	learning	to	adapt	to	operating	whilst	viewing	a	
two-dimensional	image	on	a	video	monitor,	rather	than	with	the	three-dimensional	
view	provided	by	open	surgery	[33].	Surgeons	must	adjust	for	the	lack	of	depth	
perception.	Typically	the	difficulty	in	judging	depth	using	2D	laparoscopes	manifests	
as	slower	movements	and	the	underestimation	of	distances	[34],	which	often	leads	
surgeons	to	fail	to	touch	a	tissue	that	they	think	that	their	instruments	have	reached.	
Two-dimensional	laparoscopic	surgery	is	therefore	associated	with	a	long	learning	
curve	[35],	and	increased	cognitive	workload	[36].	Surgeons	must	develop	new	
psychomotor	skills	in	order	to	compensate	for	the	loss	of	3D	vision	[36].	
Furthermore,	laparoscopic	surgery	introduces	new	challenges	for	surgeons	owing	to	
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limited	tactile	sensation,	reduced	degrees	of	freedom	in	instrument	movements	and	
camera	instability	[37,38].	New	technologies	have	been	developed	to	overcome	such	
difficulties,	namely	stereoscopic	systems	that	restore	binocular	depth	perception	[1],	
and	robotic	systems	that	provide	greater	articulation	and	a	stable	camera	[37,39].	
Some	surgical	complications,	for	example	bile	duct	injuries,	may	be	attributable	to	
visual	perceptual	illusions,	and	the	importance	of	high	quality	imaging	systems	has	
been	emphasised	[40].	These	systems	must	provide	optimal	visualisation	in	order	to	
compensate	for	the	loss	of	tactile	sensation	and	stereopsis	in	laparoscopic	surgery	
[40].	Recent	advances	in	imaging	technologies	include	fluorescence	imaging,	which	
may	reduced	anastomotic	leak	rate	in	colorectal	cancer	surgery	[41].	It	is	important	
to	continue	to	evaluate	new	laparoscopic	technologies	that	may	improve	surgical	
performance	and	outcomes	[42].	This	thesis	focuses	on	the	evaluation	of	3D	and	
ultra	high	definition	2D	technologies,	particularly	with	regards	to	depth	perception.	
	
	
Depth	perception	in	laparoscopic	surgery	
	
To	overcome	the	lack	of	depth	perception	in	traditional	laparoscopy,	three-
dimensional	(3D)	camera	systems	have	been	developed.	These	add	additional	
components	to	the	image	chain,	which	will	be	discussed	later,	and	include	the	
glasses	worn	by	the	surgeon	that	create	the	illusion	of	a	3D	image	on	the	monitor	
[32].	Improved	resolution,	depth	perception,	and	other	advances	of	modern	
laparoscopic	systems	may	deliver	advantages	for	surgical	performance	and	clinical	
outcomes.	
	
Our	ability	to	perceive	depth	arises	from	two	sets	of	visual	‘cues’:	the	monocular	
(perceivable	with	only	a	single	eye)	and	the	binocular	(requiring	both	eyes	to	
perceive)	cues	[32,43,44].	Monocular	or	‘pictorial’	depth	cues	include	the	size	of	
objects,	the	overlapping	of	distant	objects	by	closer	objects,	perspective,	texture,	
shadow,	brightness	and	motion	parallax.	Nearer	objects	are	closer	to	the	
laparoscope’s	light	source,	and	therefore	appear	brighter.	With	regard	to	motion	
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parallax,	instruments	that	are	further	away	subtend	a	smaller	angle	with	the	eye	
when	moved,	and	therefore	appear	to	move	less	[32,43,44].		
	
Binocular	cues	rely	on	the	fact	that	our	eyes	observe	objects	from	two	different	
points	in	space	[32].	This	creates	two	effects.	The	first	is	convergence,	which	relates	
to	the	orientation	of	each	eye	as	it	focuses	on	an	object	at	a	certain	distance	or	
depth.	The	second	is	retinal	disparity,	which	relates	to	the	slightly	different	
perspective	of	the	image	that	each	eye	receives.	The	brain	interprets	this	as	a	single	
image	with	depth.	Retinal	or	horizontal	disparity	is	one	of	the	most	important	depth	
cues	[43].	
	
Whilst	2D	systems	rely	solely	on	monocular	cues,	3D	systems	use	both	monocular	
and	binocular	cues	[32].	Improvements	in	2D	picture	quality	have	improved	depth	
perception	[45],	which	must	reflect	an	enhancement	of	the	monocular	cues	[46].	As	
explained	later,	it	may	be	that	enhancing	2D	resolution	using	ultra	high	resolution	
(‘4K’)	systems	will	further	increase	depth	perception.	
	
In	3D	laparoscopic	technologies,	different	images	are	presented	to	each	of	the	
surgeon’s	eyes	to	facilitate	stereopsis	[1].	Existing	3D	laparoscopic	systems	can	be	
described	by	how	they	collect	stereoscopic	information	(either	via	single	or	dual	
channel	laparoscopes)	and	how	they	display	the	stereoscopic	effect	for	the	surgeon	
(either	by	passive	polarising	or	active	shuttering	monitors	and	glasses,	or	via	head	
mounted	displays)	[35].	The	degree	of	stereopsis	depends	on	the	distance	between	
left	and	right	viewpoints	[35,47].	Single	channel	laparoscopes	possess	one	system	of	
lenses	from	which	a	3D	image	is	obtained,	using	a	filter	or	a	prism	to	separate	left	
and	right	images.	Dual	channel	laparoscopes	utilise	one	lens	system	for	each	eye,	
which	provide	viewpoints	that	are	farther	apart	than	is	possible	with	a	single	channel	
laparoscope.	Therefore	stereopsis	is	greater	with	dual	channel	systems.	
	
Active	shuttering	3D	involves	the	use	of	shutter	glasses	with	LCD	(liquid	crystal	
display)	lenses.	When	electricity	is	passed	through	a	LCD	lens,	the	LCD	becomes	
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transparent.	A	monitor	displays	alternating	images	for	the	left	and	right	eyes,	which	
are	synchronised	with	the	shutter	glasses	(for	example,	via	infrared	waves)	to	display	
each	image	only	to	the	corresponding	eye.	Active	and	passive	technologies	have	
differing	advantages	and	disadvantages.	For	example,	in	passive	systems	each	eye	
only	receives	half	the	resolution,	as	half	of	the	pixels	in	any	frame	carry	information	
for	the	left	eye	and	the	other	half	for	the	right.	However,	passive	polarising	glasses	
do	not	require	battery	power,	and	are	therefore	lighter	and	slimmer.	Active	systems	
require	larger,	heavier	glasses,	and	the	‘flicker’	associated	with	shuttering	may	be	
perceptible	and	may	cause	visual	fatigue.	However,	they	do	not	affect	image	
resolution.	However	both	systems	suffer	from	crosstalk,	or	“ghosting”,	in	which	
some	light	from	the	image	destined	for	one	eye	is	seen	by	the	opposite	eye.	Active	
and	passive	technologies	also	produce	darkened	images,	as	they	filter	out	light	
[48,49].	
	
Head	mounted	displays	comprise	headsets	with	a	screen	for	each	eye,	thus	
displaying	a	different	image	to	each	eye	without	the	need	for	polarising	or	shuttering	
[35].	Therefore	brightness	and	resolution	are	not	compromised.	However,	previously	
head	mounted	displays	have	weighed	as	much	as	1kg	[50].	The	mismatch	between	
visual	and	vestibular	senses	causes	visual	and	abdominal	discomfort,	nausea	and	
postural	instability	[51].	Therefore	prolonged	use	of	head	mounted	displays	is	not	
recommended	without	breaks.	Furthermore,	obscuring	a	surgeon’s	real	world	view	
is	potentially	dangerous	during	emergency	situations,	such	as	when	urgently	
converting	to	open	surgery	[35].	For	the	above	reasons,	the	current	preferred	3D	
systems,	and	those	used	in	this	study,	are	dual	channel	passive	polarising	3D	systems	
[35].	Passive	polarising	3D	screens	display	the	two	captured	images	simultaneously.	
The	light	from	the	left	and	right	images	are	emitted	at	different	polarities.	The	
viewer	wears	passive	polarising	glasses,	in	which	the	lens	of	the	right	and	left	eyes	
allow	only	light	of	the	corresponding	polarity	to	pass.	In	this	way,	each	eye	receives	
an	image	of	a	slightly	different	perspective,	and	the	brain	perceives	depth	[1,2,35].	
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A	recent	systematic	review	supports	the	notion	that	novices	and	experts	using	
modern	3D	laparoscopic	systems	commit	fewer	performance	errors,	and	complete	
tasks	quicker	than	those	using	2D	HD	systems	in	laparoscopic	simulators	[36].	This	is	
likely	to	be	due	to	enhanced	depth	perception.	However,	study	quality	was	generally	
low,	and	some	evidence	suggests	that	expert	surgeons	may	learn	to	compensate	for	
a	lack	of	depth	perception,	and	may	gain	no	advantage	from	3D	systems	[36,52].	
	
A	recent	meta-analysis	of	18	clinical	studies	in	urology,	gynaecology	and	general	
surgery	compared	3D	with	2D	HD	laparoscopy,	and	included	over	1700	patients	[53].	
It	was	found	that	3D	vision	was	associated	with	an	8%	decrease	in	operating	time.	
For	procedures	involving	suturing,	which	can	be	considered	to	be	more	complicated,	
and	a	greater	test	of	depth	perception,	the	decrease	was	11%.	However,	the	
decrease	when	including	general	surgery	alone	was	only	4%.	When	all	procedures	
were	included,	3D	vision	was	associated	with	a	reduction	in	complication	rates,	with	
a	relative	risk	[95%	confidence	intervals]	of	0.75	[0.60	–	0.94,	p	=	0.01].	No	difference	
in	complications	rates	was	seen	for	general	surgical	procedures	alone,	however	for	
procedures	involving	suturing	the	relative	risk	was	0.57	[0.35-0.90,	p	=	0.02].	The	
authors	concluded	that	the	above	evidence	was	limited	by	the	heterogeneity	and	
risk	of	bias	in	the	studies	involved,	and	applicable	mainly	to	procedures	that	involve	
suturing.	It	called	for	further	high	quality	clinical	trials	[53].	
	
High	definition	2D	laparoscopic	systems	are	the	current	standard	equipment,	and	
have	prevailed	in	spite	of	the	evolving	evidence	to	support	the	use	of	3D	systems.	
Disadvantages	of	3D	laparoscopy	include	surgeon	preference	against	wearing	3D	
glasses	and	the	high	cost	of	the	systems,	whilst	a	minority	of	surgeons	cannot	
perceive	3D	vision	with	laparoscopic	systems	[36,54].	Indeed	it	has	been	shown	that	
nearly	ten	percent	of	surgeons	exhibit	stereo	blindness,	particularly	with	age	[55].	
Furthermore,	some	surgeons	are	still	deterred	by	experiences	with	early	3D	systems	
which	were	associated	with	significant	side	effects	and	low	quality	images	[36,54].	
Others	do	not	believe	that	experts	require	the	depth	perception	afforded	by	3D,	as	
they	have	already	learnt	to	compensate	for	its	absence	[56].	By	contrast,	in	a	
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questionnaire	study,	80%	of	surgeons	felt	that	they	performed	better	when	using	a	
3D	system	[34].	
	
For	these	reasons,	the	development	of	new	two-dimensional	imaging	technologies,	
such	as	4K,	has	continued.	Whether	3D	systems	provide	performance	benefits	over	
4K	systems	is	not	known.	
	
	
Standard	definition,	high	definition	and	ultra	high	definition	–	
effects	on	surgical	performance	
	
Early	standard	definition	laparoscopic	cameras	have	largely	been	replaced	by	high	
definition	cameras	[32,57].	Since	2015,	4K	laparoscopic	systems	have	become	
commercially	available.	
	
Ultra	high	definition	imaging	has	been	suggested	to	increase	anatomical	detail	and	
discrimination	when	compared	to	HD	[58].	Early	work	with	a	4K	system	in	skullbase	
surgery	has	suggested	a	subjectively	better	ability	to	discriminate	between	normal	
and	pathological	tissues,	and	tissues	of	different	colours,	owing	to	large	screen	
imaging	[58].	It	is	suggested	that	the	enhanced	detail	of	anatomy	and	pathology	may	
increase	efficiency	and	safety	[58].	
	
There	is	evidence	from	the	early	1990s	that	performance	at	depth	perception	tasks	
is	better	under	direct	monocular	vision	than	using	a	2D	laparoscope	[44].	This	
suggests	that	monocular	depth	cues	related	to	image	quality,	such	as	spatial	
resolution,	colour	and	contrast	may	be	lost	under	laparoscopic	vision.	There	is	a	
potential	for	these	to	be	improved	with	high	quality	imaging	such	as	4K,	which	may	
improve	depth	perception.	
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A	small	number	of	trials	are	available	that	objectively	compared	surgeon	
performance	on	laparoscopic	systems	of	different	resolutions	[34,57,59–61].	The	
first	such	study	demonstrated	that	surgeons	tied	a	laparoscopic	knot	in	a	simulator	
significantly	quicker	with	a	2D	high-definition	laparoscopic	than	with	a	2D	standard	
definition	laparoscope	[34,59].	The	results	were	not	replicated	with	other	
laparoscopic	tasks.	However,	fewer	surgeons	reported	a	difficulty	with	depth	
perception	when	using	the	high	definition	laparoscope	when	compared	to	the	
standard	definition	system	during	these	tasks.	This	trial	did	not,	however,	demand	
surgeons	to	perform	multiple	repetitions	of	each	task,	as	later	studies	have.	This	
allows	surgeons	to	reach	the	plateau	of	the	learning	curve	for	each	task	on	each	
laparoscopic	system	(to	allow	a	fair	comparison	between	systems	without	the	bias	of	
‘incompetency’	at	the	task).	Repetition	of	tasks	would	also	correct	for	intra-
individual	variability	and	allow	recognition	of	data	outliers.	
	
A	further	trial	comparing	a	SD	laparoscopic	system	with	a	HD	system	(with	objects	at	
similar	magnifications,	on	similar	sized	screens)	showed	that	users	subjectively	
preferred	the	higher	resolution	in	both	clinical	and	laboratory	environments	[57].	
Blood	vessels	were	seen	more	clearly,	and	there	was	a	suggestion	that	visual	fatigue	
was	less	with	HD.	Using	the	higher	resolution	system,	knot	tying	was	performed	
around	40	seconds	quicker	in	a	group	comprising	both	surgeons	and	novices.	
However,	there	was	no	difference	in	performance	in	hand-eye	coordination	tasks,	
which	rigorously	test	depth	perception.	It	is	unclear	whether	the	benefits	of	high	
resolution	are	related	to	improved	depth	perception,	or	whether	high	resolution	
simply	made	the	thin	suture	material	used	in	the	knotting	task	easier	to	see.	In	the	
knot	tying	tasks,	the	benefits	of	high	resolution	were	more	marked	for	novices,	
suggesting	that	HD	systems	may	help	to	speed	up	training	and	the	learning	curve,	
and	hence	achieve	competence	more	quickly	[57].	
	
In	a	protocol	of	three	laparoscopic	tasks,	expert	surgeons	completed	the	protocol	in	
a	shorter	time,	with	fewer	errors	and	a	shorter	instrument	path	length	when	using	
4K	compared	to	2D	HD	[60].	However,	the	2D	HD	system	was	used	before	the	4K	
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system	in	this	protocol,	meaning	that	familiarity	may	have	been	an	advantage	for	the	
4K	system.		
Abdelrahman	et	al.	showed	that	a	4K	camcorder	provided	a	performance	benefit	
over	a	2D	HD	camcorder	in	terms	of	the	number	of	repetitions	required	to	achieve	
competence	in	two	laparoscopic	tasks,	the	time	to	complete	these	tasks	and	the	
number	of	errors	committed	[61].	
	
The	studies	above	suggest	that	higher	resolution	systems	may	provide	improved	
depth	perception.	In	light	of	the	evidence	that	3D	systems	provide	performance	
benefits	over	2D	HD	systems,	this	thesis	will	examine	whether	3D	systems	confer	
similar	advantages	over	4K	systems.	
	
	
Large	screen	laparoscopy	
	
Given	that	resolution	is	dependent	on	the	pixel	density,	a	larger	screen	displaying	
the	same	number	of	pixels	(i.e.	the	same	pixel	resolution)	will	have	a	lower	spatial	
resolution	(pixels	per	inch),	as	is	demonstrated	in	the	table	below:	
	
Table	1:	Resolution	(pixels	per	inch,	ppi)	by	screen	size	(diagonal	dimension)	and	
pixel	resolution	
	 HD	(1920	×	1080)	 4K/UHD	(3840	×	2160)	
31	inch	monitor	 71	ppi	 142	ppi	
55	inch	monitor	 40	ppi	 81	ppi	
	
Calculated	using	Neuhaus’	pixel	per	inch	calculator	[62].	
	
As	this	table	displays,	an	image	viewed	on	a	31	inch	screen	with	a	HD	pixel	resolution	
will	have	a	similar	resolution	to	an	image	viewed	on	a	55	inch	screen	with	a	‘UHD/4K’	
pixel	resolution.	The	benefit	of	the	latter,	ultra	high	resolution,	technology	is	
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therefore	that	it	allows	the	image	to	be	displayed	on	a	large	screen	without	a	loss	of	
resolution.	Simply	increasing	the	screen	size	without	increasing	the	number	of	pixels	
displayed	would	lead	to	a	reduction	in	resolution.	This	concept	is	familiar	to	anyone	
who	has	purchased	a	new,	larger	HD	television	and	found	that	their	standard	
terrestrial	image	now	looks	grainy	and	low	quality	(for	this	reason	‘HD’	television	
channels	are	growing	in	popularity,	as	the	image	is	more	pleasing	on	larger	screens).	
	
Currently	the	screens	used	in	HD	laparoscopy	are	25	to	31	inches	in	size.	Users	
appear	to	prefer	a	screen	size	of	40	to	50	inches	[63].	As	explained	above,	lower	
resolution	systems	would	give	a	subjectively	poor	quality	image	on	a	large	screen	
close	to	the	user.	Large	screen	4K	imaging	allows	theatre	staff	to	appreciate	the	
surgeon’s	view,	and	provides	an	‘immersive	experience’,	in	which	the	surgeon	feels	
as	if	they	are	part	of	the	operation	[64].	Indeed,	larger	screens	have	been	shown	to	
increase	users’	feelings	of	“realism”	[65].	However,	work	in	this	area	focuses	on	
cognitive	or	emotional	responses	among	individuals	watching	television	or	film	
extracts	[66,67],	and	the	usefulness	of	this	kind	of	immersion	in	surgery	is	not	clear.	
	
It	appears	that	the	real	benefits	of	large	screen	displays	are	visual	rather	than	
cognitive.	More	of	the	human	retina	is	occupied	by	the	display	image,	and	more	
information	is	transmitted	to	the	brain	[68].	The	idea	that	important	information	
(such	as	a	laparoscopic	image)	should	fill	our	visual	field,	at	the	expense	of	irrelevant	
information	(such	as	the	surrounding	theatre	environment),	is	demonstrated	in	the	
phenomenon	of	bringing	a	book	closer	to	one’s	face	when	concentrating	[69].	This	
also	demonstrates	another	important	point,	that	FOV	depends	not	only	on	the	size	
of	an	object	or	screen,	but	also	the	distance	at	which	it	is	viewed	[69].	It	has	been	
suggested	that	the	narrow	FOV	of	standard-sized	television	screens	limits	natural	
eye	movements,	causing	a	“semi-stare”	which	may	cause	visual	fatigue	[69].	
	
Three-dimensional	HD	systems	can	also	be	displayed	on	large	screens,	and	the	use	of	
large	stereoscopic	displays	will	be	compared	to	large	4K	screens	in	this	thesis.	
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Methods	for	the	assessment	of	laparoscopic	imaging	systems	
	
The	introduction	of	new	laparoscopic	systems	over	the	last	20	years	has	raised	
several	pertinent	questions.	Which	objective	optical	properties	improve	(subjective)	
image	quality	[5]?	Do	objective	improvements	in	optics	translate	into	subjective	
benefits	[5]?	Are	these	new	systems	associated	with	performance	benefits?	
Potential	performance	benefits	include	the	time	to	complete	a	laparoscopic	task	or	
operation,	the	number	of	pre-defined	‘errors’	committed	during	the	completion	of	a	
task	or	operation,	and	the	workload	and	physical	side	effects	that	the	operator	
experiences.	The	following	sections	introduce	established	and	validated	methods	to	
measure	each	of	the	above,	from	which	robust	research	questions	will	be	formed.	
These	methodologies	will	allow	for	a	comprehensive	comparison	of	3D	and	4K	
laparoscopic	systems	in	the	experimental	chapters,	in	order	to	answer	the	research	
questions.	
	
	
Methods	for	the	objective	optical	comparison	of	laparoscopes	
	
The	commercial	launch	of	new	laparoscopic	systems	is	inevitably	accompanied	by	
claims	regarding	their	advanced	new	optics.	Properties	such	as	spatial	resolution	
[3,5–7],	field	of	view	[5,6],	contrast	[3,5,7],	distortion	[5,6,70],	depth	of	field	[3,5,7]	
and	colour	reproduction	[3,5,7]	affect	image	quality.	In	particular,	the	following	
factors	may	negatively	affect	laparoscopic	images.	The	wide-angle	lenses	used	in	
laparoscopes	are	affected	by	distortion	[6].	Depth	of	field	is	considered	to	be	an	
important	factor	in	laparoscopic	depth	perception,	and	poor	depth	of	field	may	
result	in	damage	of	nearby	organs	during	surgery	[5].	In	laparoscopy	the	field	of	view	
is	relatively	narrow,	meaning	that	much	of	the	abdominal	cavity	is	not	in	view	[5].	It	
can	be	difficult	to	determine	the	position	of	instruments	that	are	out	of	view	and	
organs	may	be	damaged.	
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These	properties	can	be	objectively	measured	in	the	laboratory	using	industry	
standard	optical	test	targets.		The	below	methods	allow	surgeons	to	determine:	i)	
whether	the	measured	optical	properties	of	laparoscopes	correspond	to	those	
advertised,	ii)	whether	new	generation	laparoscopes	do	indeed	differ	optically	from	
older	laparoscopes,	and	iii)	as	discussed	by	Pierre	et	al.,	which	optical	properties	
contribute	to	the	subjective	improvement	in	image	quality	of	new	laparoscopes	[5].	
	
First,	a	suitable	laboratory	testing	bench	must	be	set	up,	with	a	controlled	apparatus	
with	minimal	variables	that	will	produce	reliable	and	reproducible	measurements	
[6,71].	For	standardisation,	certain	elements	of	the	imaging	chain	should	be	
controlled,	for	example,	the	television	monitor	used	to	display	the	image	[3,5,7].	A	
standard	distance,	for	example,	5	cm	from	the	test	target,	should	been	used	[5,6],	
with	laparoscopes	fixed	perfectly	aligned	perpendicularly	to	the	centre	of	the	test	
targets	[6,70].	The	laparoscope	tip	and	test	target	may	be	enclosed	in	an	opaque	
box,	to	eliminate	all	light	other	than	that	provided	by	the	laparoscopic	light	source	
itself	[5,71],	as	in	vivo.	Camera	settings	may	affect	image	quality	[3]	and	are	
standardised	and	kept	constant	so	that	each	image	is	similar	in	terms	of	brightness.	
Focus	affects	image	quality	[3],	and,	where	systems	have	a	focus	option,	each	system	
is	manually	focussed	on	each	test	target	before	testing.	Image	systems	should	use	
progressive	scanning	and	have	similar	video	frame	rates,	two	factors	that	are	also	
known	to	affect	subjective	image	quality	[5].	
	
Whilst	some	groups	have	captured	the	test	target	images	digitally	for	software	
analysis	[6,70,71],	an	acceptable	alternative	is	subjective	judgement	of	the	
laparoscopic	screen	image	[3,5,7].	These	image	perceptions	are	reflective	of	what	
surgeons	perceive	in	the	operating	theatre,	and	therefore	are	likely	to	be	more	
relevant	than	subtle	optical	differences	detected	by	digital	analysis	[3].	
	
The	USAF	1951	test	target	(Edmund	Optics	Inc,	Barrington,	New	Jersey,	USA)	may	be	
used	to	test	resolution	in	lp/mm	[5,6].	Distortion	is	measured	using	a	grid	distortion	
target	[5].	The	Gretag	Macbeth	color	checker	target	(Edmund	Optics	Inc,	Barrington,	
New	Jersey,	USA),	or	equivalent,	can	be	used	as	a	standard	chart	against	which	to	
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compare	colour	reproduction	in	laparoscopic	images	[5].	The	DOF	5-15	Depth	of	
Field	Target	(Edmund	Optics	Inc,	Barrington,	New	Jersey,	USA)	is	used	to	measure	
depth	of	field	[5],	whilst	FOV	can	be	determined	using	trigonometry	[72].	
	
	
Methods	for	the	assessment	of	surgical	performance	
Objective	assessment	of	surgical	performance	–	time	
	
The	time	to	complete	an	operation	is	a	useful	objective	measure	for	laparoscopic	
performance,	as	it	relates	to	patients’	risk	of	suffering	complications	such	as	
pulmonary	embolism,	deep	vein	thrombosis	and	pneumonia	[73].	The	speed	of	
operation	may	be	a	marker	of	efficiency	of	movement	and	quick	cognition	related	to	
experience	and	skill	[74].	Furthermore,	shorter	operations	reduce	surgical	costs	[75],	
the	cost	of	running	an	NHS	operating	theatre	having	been	estimated	at	£9	to	£14	per	
minute	[76,77].	However,	it	has	been	suggested	that	fast	operating	may	be	
associated	with	an	increased	risk	of	complications	[74],	and	it	may	not	correlate	with	
performance	[78].	
	
Objective	assessment	of	surgical	performance	–	errors	
	
It	has	been	recognised	that	the	“mechanisms	underlying	technical	errors	and	human	
factors”	must	be	analysed	in	order	to	prevent	surgical	complications,	death	and	
morbidity	[79].	Error	analysis	is	a	valid	and	crucial	outcome	of	any	study	of	surgical	
performance.	The	Observational	Clinical	Human	Reliability	Assessment	(OCHRA)	is	a	
method	of	recording	and	counting	consequential	and	inconsequential	errors	during	
laparoscopic	surgery	[79].	Widely	used	tools	such	as	the	Procedural	Based	
Assessment	(PBA)	[80],	Global	Operative	Assessment	of	Laparoscopic	Surgery	
(GOALS)	[81],	Operative	Performance	Rating	Scale	(OPRS)	[82]	and	Objective	
Structured	Assessment	of	Technical	Skill	(OSATS)	[83]	are	not	detailed	enough	to	
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measure	the	fine	improvements	in	technical	performance	and	reduction	in	errors	
that	may	arise	from	improved	depth	perception.	
	
Furthermore,	OCHRA	demonstrates	construct	and	concurrent	validity	with	markers	
of	competence	in	laparoscopic	colorectal	surgery	[84],	and	clinical	outcomes	in	
laparoscopic	rectal	cancer	surgery	[85]	and	sleeve	gastrectomy	[86].	For	laparoscopic	
cholecystectomy,	OCHRA	demonstrates	content	validity	and	internal	structure	
validity	(through	inter-rater	reliability)	[87].	In	the	context	of	OCHRA,	a	
consequential	error	was	scored	when	either	an	action	or	the	omission	of	an	action	
had	a	negative	effect,	or	required	correction	“outside	of	the	acceptable	limits”,	
therefore	increasing	the	time	of	the	operation	[79].	Conversely,	an	inconsequential	
error	was	an	action,	or	the	omission	of	an	action,	that	made	a	negative	consequence	
more	likely.	Errors	are	either	related	to	the	order	in	which	actions	were	carried	out,	
‘procedural	errors’	(which	are	knowledge-based),	or	‘execution	errors’	(relating	to	
technical	skill	and	instrument	ergonomics).	It	would	be	expected	that	equipment-
related	factors	such	the	ability	to	perceive	depth	would	improve	execution	errors.		
	
Researchers	require	specific	training	from	experts	in	human	factors	and	error	
analysis	prior	to	using	OCHRA	[79,84].	In	addition,	these	studies	have	involved	
external	validation	of	the	analysis	by	experts	in	the	field.	Simpler	error	rating	
systems	exist	for	laparoscopic	cholecystectomy,	which	do	not	require	the	same	
training,	and	demonstrate	good	inter-rater	reliability	[88,89].	Of	these,	Sarker	et	al.’s	
technical	skills	checklist	demonstrates	the	greatest	face	validity	for	assessing	surgical	
errors	relating	to	depth	perception	[88].	Errors	were	defined	as	minor	errors	(e.g.	
injury	to	gallbladder	resulting	in	spillage	of	bile),	major	errors	(e.g.	injury	to	liver	with	
bleeding)	and	significant	major	errors	(e.g.	damage	to	the	common	bile	duct).	A	
weighted	error	scoring	system	is	used,	with	higher	error	points	being	scored	for	
more	serious	errors	and	when	errors	are	not	corrected.	Scoring	was	performed	on	
blinded	retrospective	video	analysis	independently	by	two	assessors	with	12	years	of	
surgical	experience	post-graduation.	However,	whilst	the	tools	devised	by	Sarker	et	
al.	and	Seymour	et	al.	demonstrate	face	validity,	they	lack	evidence	of	construct	
validity	for	the	assessment	of	competence.	
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There	was	no	difference	in	error	rates	between	Consultants	and	trainees	in	the	study	
of	Sarker	et	al.’s	technical	skills	checklist,	however	the	authors	suggested	that	this	
was	because	all	of	the	trainees	were	supervised	by	Consultants,	and	therefore	errors	
were	avoided	[88].	
	
Video	analysis	may	be	used	to	blind	assessors	to	the	operating	surgeon	and	the	
laparoscopic	system	used	[90].	Previous	studies	have	utilised	between	two	and	ten	
postgraduate	fellows	or	consultant	surgeons	with	considerable	experience	in	
laparoscopic	cholecystectomy	[91–93].	
	
Objective	assessment	of	surgical	performance	–	simulator	setting	
	
Jourdan	et	al.	and	Smith	et	al.	described	four	tasks	of	depth	perception	in	their	
comparisons	of	2D	HD	and	3D	laparoscopic	systems:	‘rope	pass’,	‘paper	cut’,	‘needle	
capping’	and	‘knot	tying’	(which	will	be	described	in	detail	later)	[56,94,95].	
Performance	was	again	assessed	in	terms	of	the	amount	of	time	to	complete	the	
task	and	the	number	of	pre-defined	errors	that	subjects	committed.	These	tasks	
demonstrate	face	validity	for	the	assessment	of	performance	in	the	operating	
theatre,	and	for	the	objective	assessment	of	depth	perception.	These	studies	
demonstrated	a	significant	advantage	of	3D	over	2D	HD	laparoscopic	systems	in	
performing	these	tasks,	demonstrating	construct	validity	for	testing	depth	
perception.	Furthermore,	expert	surgeons	committed	fewer	errors	and	took	less	
time	to	complete	the	tasks	than	novice	surgeons,	demonstrating	that	these	tasks	
have	construct	validity	for	the	assessment	of	surgical	performance	[56,95].	An	
alternative,	the	widely	used	Fundamentals	of	Laparoscopic	Surgery	(FLS)	skills	tests	
[96],	were	felt	not	to	provide	such	a	thorough	test	of	depth	perception.	
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Objective	assessment	of	surgical	performance	–	global	rating	scales	
	
The	Global	Assessment	of	Laparoscopic	Skill	(GOALS)	tool	has	shown	validity	and	
inter-rater	reliability	in	the	assessment	of	competence	during	laparoscopic	
cholecystectomy	(or	part	of	this	procedure,	such	as	the	dissection	of	the	gallbladder	
off	the	liver)	without	the	need	for	expert	training	[81,91–93,97].	GOALS	comprises	5	
items	(depth	perception,	bimanual	dexterity,	efficiency,	tissue	handling	and	
autonomy),	each	of	which	is	marked	on	a	5	point	Likert	scale	with	anchor	descriptors	
[81].	Whilst	GOALS	specifically	assesses	depth	perception,	it	is	unlikely	to	be	
discriminatory	among	expert	surgeons.	
	
	
Assessment	of	the	mental	and	physical	effects	of	laparoscopic	
systems	on	the	surgeon	
	
As	discussed	previously,	depth	perception	in	4K	laparoscopic	systems	relies	on	
monocular	depth	cues,	whilst	depth	perception	in	3D	systems	has	the	benefit	of	
additional	binocular	depth	cues.	It	is	possible	that	cognitive	workload	is	higher	when	
attempting	to	compute	depth	information	without	binocular	depth	cues	[98].	
Indeed,	binocular	retinal	disparity	is	one	of	the	most	important	cues	[43].	The	NASA	
Task	Load	Index	(TLX)	[99–101]	is	a	tool	in	which	users	score	their	perceived	
workload	during	a	task,	in	the	domains	of	mental	demand,	physical	demand,	
temporal	demand,	effort,	performance	and	frustration.	It	is	considered	the	standard	
‘benchmark’	measure	of	task	workload,	with	proven	sensitivity	and	reliability	[101].	
A	previous	study	at	our	institution	has	used	this	index	to	compare	workload	during	
laparoscopic	skills	testing	on	a	2D	HD	versus	a	3D	laparoscopic	system	[56].	
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Subjective	analysis	of	laparoscopic	image	quality	
	
The	main	side	effects	that	have	been	measured	relating	to	2D	or	3D	systems	are:	eye	
burning,	ache,	strain,	irritation,	watering	and	dryness,	blurred	vision,	double	vision,	
headache,	dizziness	and	nausea.	These	have	been	measured	using	visual	analogue,	
Likert	or	numeric	rating	scales	[102–104].	This	area	of	research	is	limited	by	the	lack	
of	a	validated	measure	of	side	effects	[105].	Furthermore,	subjective	measures	of	
‘visual	discomfort’	may	not	correspond	to	‘visual	fatigue’	(“a	decrease	in	
performance	of	the	human	vision	system”)	experienced	by	users.	Visual	fatigue	
should	be	examined	objectively	with	measurements	such	as	pupil	dynamics,	
accommodation	and	vergence	responses	and	visual	and	stereoscopic	acuity	[105].	
However,	time	and	equipment	restraints	may	not	permit	these	analyses.	Simple	
visual	analogue	scales	of	the	above	symptoms	have	been	utilised,	as	described	by	
Sheedy	et	al.	[102].	
	
Finally,	subjective	assessments	of	visual	image	quality	using	Likert	scales	have	been	
described	previously	[106,107].	‘Clarity	of	view’,	‘brightness’,	‘colour’,	‘depth	
quality/sense	of	depth’	and	‘overall	picture	quality’	have	been	identified	as	
important	properties	of	television	images	[5,108,109].	
	
	
Existing	studies	comparing	3D	and	4K	laparoscopy	
	
Only	two	studies	have	compared	the	effects	of	3D	versus	4K	imaging	on	laparoscopic	
performance,	both	of	which	were	in	the	simulator	setting.	The	results	were	varied,	
with	Harada	et	al.	concluding	that	depth	perception	and	operative	time	were	
equivalent	between	3D	and	4K	in	tasks	performed	in	a	narrow	space,	where	
monocular	shadow	cues	are	greater	[60].	However,	3D	was	superior	to	4K	in	terms	
of	time	during	suturing	in	a	wider	space,	and	in	time	and	errors	in	the	entire	
protocol.	Abdelrahman	et	al.	suggested	that	there	were	no	differences	between	3D	
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and	4K	regarding	completion	time	or	errors	in	a	peg	transfer	task	[61].	4K	
visualisation	was	superior	to	3D	in	a	suturing	task	in	terms	of	errors,	but	with	no	
difference	in	time.	However,	this	study	utilised	camcorders	rather	than	commercial	
laparoscopic	systems.	
	
	
Hypotheses	
	
1. The	optical	properties	of	3D	high	definition	systems	(resolution,	field	of	view,	
distortion,	depth	of	field	and	colour	representation)	will	be	inferior	to	those	
of	ultra	high	definition	(4K)	systems	in	laboratory	optical	testing	
	
2. The	binocular	depth	cues	provided	by	a	3D	high	definition	laparoscopic	
system	will	result	in	fewer	errors,	quicker	task	completion	time	and	reduced	
workload	when	compared	to	the	monocular	depth	cues	provided	by	an	ultra	
high	definition	(4K)	laparoscopic	system.	There	will	be	no	difference	in	side	
effect	scores	between	3D	and	4K	systems.	However,	the	higher	definition	of	a	
4K	laparoscopic	system	will	result	in	subjectively	higher	quality	images	
	
3. The	binocular	vision	provided	by	a	3D	high	definition	laparoscopic	system	will	
reduce	the	time	to	complete	laparoscopic	cholecystectomy,	and	reduce	the	
number	of	errors	committed	during	the	procedure/reduce	the	error	score,	
when	compared	to	the	monocular	vision	provided	by	an	ultra	high	definition	
(4K)	system	
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Research	questions	
	
1. Are	3D	high	definition	systems	inferior	to	ultra	high	definition	(4K)	systems	in	
laboratory	optical	testing?	–	CHAPTER	2	–	DESCRIPTIVE	LABORATORY	
OPTICAL	TESTS	
	
2. Does	the	binocular	vision	provided	by	a	3D	high	definition	laparoscopic	
system	provide	benefits	in	simulated	tasks	when	compared	to	the	monocular	
vision	provided	by	an	ultra	high	definition	(4K)	system?	–	CHAPTER	3	–	
SIMULATOR	BASED	CROSS	OVER	STUDY	
	
3. Does	the	binocular	vision	provided	by	a	3D	high	definition	laparoscopic	
system	provide	performance	benefits	during	laparoscopic	cholecystectomy	
when	compared	to	the	monocular	vision	provided	by	an	ultra	high	definition	
(4K)	system?	–	CHAPTER	4	–	RANDOMISED	CONTROLLED	CLINICAL	TRIAL	
	
	
Summary	of	the	research	aim	
	
Each	element	of	the	laparoscopic	image	chain	contribute	to	the	overall	image	
quality.	Important	factors	such	as	system	resolution,	screen	size,	and	monocular	
versus	binocular	(stereoscopic)	design	affect	depth	perception.	It	has	been	
suggested	that	the	introduction	of	3D	imaging	will	improve	surgical	performance	
when	compared	to	2D	HD.	3D	systems	require	glasses	to	be	worn,	are	perceived	to	
induce	side	effects,	and	are	unsuitable	for	surgeons	who	lack	stereoacuity,	however,	
2D	systems	lack	binocular	disparity.	The	introduction	of	a	new	4K,	ultra	high	
definition	system	raises	the	question	of	whether	3D	is	superior	to	this	cutting	edge	
2D	technology.	This	study	aims	to	determine	whether	a	3D	HD	laparoscopic	system	
provides	better	visualisation,	depth	perception	and	performance	when	compared	to	
an	ultra	high	resolution	4K	system.	 	
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Chapter	2	–	Optical	comparisons	of	HD,	3D	and	4K	
systems	–	lessons	learnt	about	image	quality	and	the	
laparoscopic	‘image	chain’	
	
	
Introduction	
	
In	December	2015,	when	this	M.D.	was	conceived,	only	two	4K	laparoscopic	systems	
were	commercially	available;	the	Synergy	UHD4	laparoscopic	stack	(Arthrex	Inc.,	
Naples,	Florida,	USA)	and	the	VISERA	4K	UHD	laparoscopic	stack	(Olympus	Europa,	
Hamburg,	Germany).	Due	to	the	cost	of	these	systems,	and	the	high	demand	for	the	
small	number	of	loan	systems	that	were	available,	it	was	not	possible	to	secure	a	4K	
system	on	long-term	loan	at	the	time	of	the	laboratory	simulator	experiments.	
Therefore	the	decision	was	made	to	build	a	prototype	UHD	system	using	available	
laparoscopic	equipment	and	industry	standard	video	equipment.	
	
The	following	chapter	details	the	design	of	the	prototype	UHD	system.	The	
descriptive	evaluation	of	the	optical	properties	of	this	prototype,	and	of	a	range	of	
commercial	laparoscopic	systems	will	then	be	presented.	The	design	of	the	4K	
prototype,	and	the	results	of	the	optical	analysis	are	discussed	with	reference	to	the	
optical	properties	of	each	camera	system,	which	are	defined	in	the	glossary.	
	
It	is	important	to	note	that	binocular	vision,	the	main	benefit	of	3D	systems,	will	be	
assessed	in	the	simulator	and	clinical	experiments	in	Chapters	3	and	4.	The	following	
descriptive	optical	analysis	is	designed	to	compare	3D	and	4K	systems	in	a	range	of	
other	optical	properties	that	may	affect	surgical	performance,	visual	quality,	and	
monocular	depth	perception.	
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Methods	
Building	an	experimental	rig	
	
Requirements	for	the	rig:	
	
• To	comprise	a	portable	‘box	trainer’	in	which	four	different	laparoscopic	tasks	
could	be	undertaken	
• 3D	and	4K	systems	to	be	easily	interchangeable	
• All	components	(including	cameras,	light	sources,	instrument	ports)	must	be	
in	fixed	positions	to	ensure	a	standardised	view	and	operative	conditions	
• The	4K	prototype	should,	as	far	as	possible,	match	the	4K	commercial	system	
in	distortion,	depth	of	field	and	colour	reproduction	
• The	trainer	must	be	height-adjustable	to	allow	for	ergonomic	use	[110]	
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Figure	1:	Components	of	the	experimental	rig,	which	incorporates	the	prototype	4K	laparoscopic	system	and	the	removable	3D	Tipcam
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Components	of	the	rig:	
	
The	experimental	rig	is	illustrated	in	Figure	1.	A	previous	study	at	our	institution	used	
a	modified	D-box	laparoscopic	box	trainer	(SimSurgery,	Norway)	as	the	core	of	the	
rig.	The	4K	prototype	comprised	a	Blackmagic	Micro	Studio	Camera	4K	(Blackmagic	
Design,	Port	Melbourne,	Victoria,	Australia)	with	a	photographic	lens.	A	lens	was	
sought	to	meet	the	following	specifications:	a	MTF	4/3s	mount	(to	fit	the	Blackmagic	
Camera),	a	field	of	view	of	70	to	100	degrees	(matching	the	VISERA	4K	UHD’s	
advertised	field	of	view	[111]),	a	working	distance	of	less	than	20-25	cm	(the	
distance	to	the	opening	of	the	D-box	trainer)	and	a	depth	of	field	of	5-10	cm.	Advice	
was	sought	from	local	camera	experts,	and	after	testing	multiple	lenses	the	lens	that	
matched	these	specifications	most	closely	was	the	Panasonic	Lumix	G	VARIO	14-
42mm	(Osaka,	Japan).	The	built-in	D-box	trainer	camera	and	camera	joystick	were	
removed	to	provide	an	opening	for	the	4K	camera	and	lens.	The	camera	was	
mounted	on	a	camera	tripod	ballhead,	which	was	attached	to	the	D-box	trainer	
using	a	custom	metal	rig.	The	SDI	format	4K	camera	output	was	converted	to	an	
HDMI	signal	using	a	Blackmagic	Mini	Converter	SDI	to	HDMI	4K	(Blackmagic	Design,	
Port	Melbourne,	Victoria,	Australia)	and	displayed	on	an	LG	55	inch	ULTRA	HD	4K	TV	
(LG	Electronics,	Weybridge,	UK).	Light	was	provided	by	a	Karl	Storz	0	degree	Hopkins	
II	5mm	laparoscope	connected	to	a	Karl	Storz	Xenon	Nova	light	source.	The	light	
source	was	clamped	in	position	using	the	Karl	Storz	mechanical	holding	system	(Karl	
Storz	Endoscopy,	Tuttlingen,	Germany).	
	
The	3D	system	comprised	a	Karl	Storz	3D	TIPCAM	1	30	degree	laparoscope	
connected	to	a	Karl	Storz	Image1	3D	stack,	(Karl	Storz	Endoscopy,	Tuttlingen,	
Germany)	with	the	attached	31.5	inch	monitor	(of	note,	this	system	was	the	latest	
3D	system	available	to	the	MATTU	at	that	time,	but	is	the	predecessor	to	the	Storz	
Image1	S	used	in	the	later	clinical	study).	An	opening	was	cut	into	the	lid	of	the	D-
box	trainer	to	allow	access	for	the	3D	laparoscope.	When	in	position,	the	3D	
laparoscope	obstructed	the	view	to	the	4K	camera,	therefore	a	system	was	required	
to	allow	easy	insertion	and	removal	of	the	laparoscope.	For	this	purpose,	an	Ethicon	
12mm	laparoscopic	port	(Ethicon	Inc.,	Somerville,	New	Jersey)	was	held	above	the	
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box	trainer	using	the	Karl	Storz	mechanical	holding	system,	in	which	the	laparoscope	
rested	at	7	cm	from	the	target	objects,	which	gave	a	comfortable	field	of	view	for	
the	surgeon.	
	
This	image	produced	by	the	4K	prototype	was	then	compared	to	that	of	the	Storz	
Image1	3D,	against	which	it	would	be	trialled	in	the	simulator	study.	As	a	lens	could	
not	be	found	with	a	short	enough	working	distance	without	compromising	on	field	of	
view,	the	camera	had	to	be	placed	further	from	the	target	objects,	and	zoom	applied	
to	match	the	field	of	view	and	image	composition	of	the	3D	system,	in	order	to	
ensure	that	these	did	not	bias	the	evaluation	of	resolution	and	stereopsis.	The	gain	
and	shutter	speed	of	the	4K	camera	and	the	brightness	of	the	light	source	were	
adjusted	to	produce	an	image	with	a	similar	exposure	to	the	3D	system.	
	
	
Laparoscopic	Ergonomics:	
	
Laparoscopic	surgery	is	associated	with	side	effects	for	surgeons,	namely	mental	and	
physical	fatigue,	eye,	hand,	arm,	shoulder,	neck	and	back	discomfort,	and	
neuropathies	[112,113].	These	result	from	multiple	ergonomic	factors,	including	the	
static	postures	associated	with	laparoscopic	surgery,	the	position	of	the	surgeon,	
height	of	the	operating	table,	position	of	the	monitor,	positions	of	the	laparoscopic	
ports	(through	which	the	instruments	pass	into	the	abdomen/simulator),	and	the	
increased	force	required	to	operate	laparoscopic	instruments	[112].	
		
A	standardised,	ergonomic	arrangement	of	the	equipment	was	utilised	to	reduce	
participant	side-effects	and	eliminate	bias.	As	is	traditional	when	using	laparoscopic	
box-trainer	simulators,	the	participant	stood	directly	in	line	with	the	simulator	and	
the	monitor.	It	is	recommended	that	the	monitor	is	placed	opposite	the	surgeon	
[114]	and	angled	0	to	25	degrees	below	the	level	of	the	surgeon’s	eye	[112].	
Unfortunately	the	3D	stack	was	not	built	with	a	height	adjustable	screen.	Instead,	
the	middle	of	the	screen	was	fixed	at	160	cm	above	the	ground,	which	met	the	
recommendation	for	monitor	positioning	for	the	majority	of	participants	in	the	
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simulator	trial.	The	4K	television	screen	was	positioned	with	the	middle	of	the	screen	
at	the	same	distance	from	the	ground.	
	
The	literature	suggests	that	the	optimum	operating	table	height	for	laparoscopy	
positions	the	instrument	handles	near	elbow	level	[110].	In	order	that	the	height	of	
the	box-trainer	could	be	adjusted	for	each	participant,	the	plastic	on	which	it	sat	was	
bolted	to	a	hydraulic	scissor	jack	lift.	The	position	of	the	laparoscopic	ports	was	also	
standardised,	as	the	distance	and	angles	of	the	instruments	may	affect	performance.	
It	is	recommended	that	the	ports	are	“triangulated”	around	the	target	object,	with	
the	camera	port	placed	15-20	cm	from	the	object,	and	the	two	instruments	ports	
located	at	the	same	distance	at	5-7	cm	to	the	right	and	left	of	this	port	[112].	Twelve	
millimetre	laparoscopic	ports	were	placed	in	corresponding	openings	in	the	box	
trainer.	
	
The	fact	that	the	cameras	and	light	sources	were	in	adjustable	mounts	and	holding	
systems	meant	that	the	lighting	and	camera	angles	(as	well	as	the	zoom	of	the	4K	
camera)	could	be	adjusted	to	produce	images	with	similar	views,	shadows,	
brightness,	further	reducing	bias.
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Figure	2:	Optical	test	apparatus	
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Optical	test	apparatus	
	
The	construction	of	the	optical	test	apparatus	(Figure	2)	was	designed	to	meet	the	
criteria	for	robust	optical	testing.	It	consisted	of	a	moveable	vertical	target	board,	on	
which	the	test	targets	were	attached,	which	sat	at	90	degrees	to	a	base	board.	The	
target	had	to	be	moveable	as	different	test	targets	were	placed	on	either	side	of	the	
board,	and	as	the	prototype	4K	laparoscope	required	a	different	working	distance	to	
the	laparoscopes.	A	position	clamp	held	the	target	at	a	fixed	working	distance	from	
the	laparoscope.	
	
The	laparoscopes	were	tested	at	the	working	distance	of	10	cm,	as	this	is	similar	to	
the	distances	used	in	vivo.	The	4K	prototype	camera	rig	was	removed	from	the	box	
trainer,	and	placed	at	the	same	working	distance	of	24.5	cm,	in	order	to	give	the	
same	field	of	view	as	in	the	trainer.	The	vice	that	held	the	laparoscope	under	test	
had	3	degrees	of	freedom.	This	was	positioned	such	that	the	laparoscope	was	square	
to	the	test	targets	in	vertical	and	horizontal	planes.	The	laparoscope	was	positioned	
in	the	vice	with	its	horizon	parallel	to	the	base	board,	and	pointed	at	the	centre	of	
the	test	target.	Some	investigators	suggest	testing	optical	properties	at	the	edge	of	
an	image	as	well	as	in	the	centre	[3,6],	however	it	was	decided	that	resolution,	
contrast,	depth	of	field	and	colour	reproduction	would	be	tested	at	the	centre	of	the	
image,	as	the	custom	in	laparoscopic	surgery	is	for	the	main	operative	site	to	be	kept	
in	the	centre	of	the	screen.	Field	of	view	and	distortion,	by	their	nature,	span	the	
entire	image.	Central	positioning	was	confirmed	using	a	tape	measure,	spirit	level	
and	right	angle	tool.	Before	testing,	each	laparoscopic	system	(camera	control	unit	
and	monitor)	was	white	balanced,	and	set	to	default	settings	for	colour,	brightness,	
contrast,	enhancement	and	zoom	and	focussed	on	the	test	target.	
	
It	is	important	to	note	that	the	image	transmitted	by	the	laparoscope	is	circular,	
whilst	digital	sensors	are	rectangular.	As	a	result,	laparoscopic	images	are	typically	
surrounded	by	a	black	ring	of	deadspace	where	no	light	falls	on	the	sensor	(Figure	3).	
Surgeons	typically	zoom	the	camera	in	on	the	laparoscopic	images	to	maximise	the	
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size	of	the	surgical	image,	and	eliminate	this	deadspace.	For	standardisation,	and	to	
match	clinical	settings,	laparoscopic	systems	were	zoomed	so	that	deadspace	was	no	
longer	visible.	
	
										 	
Figure	3:	The	left	image	is	that	of	the	unzoomed	Storz	HD,	with	surrounding	
deadspace.	The	right	image	demonstrates	the	use	of	zoom	to	magnify	the	useful	
surgical	view	and	eliminate	this	deadspace		
	
For	systems	with	optical	zoom,	this	zooming	process	does	not	significantly	affect	the	
resolution	or	image	quality.	Optical	zoom	does	not	reduce	the	pixel	resolution	of	an	
image,	rather	lenses	are	moved	to	focus	light	from	a	smaller	area	of	the	target	object	
on	to	the	same	number	of	sensor	pixels.	However	digital	zoom	magnifies	a	small	
area	of	captured	pixels,	using	interpolation	to	generate	new	pixels	to	achieve	the	
same	pixel	resolution	[115,116].	This	interpolation	may	cause	blurring,	and	reduces	
image	quality	[117].	The	Olympus	and	Storz	UHD/4K	systems,	and	the	Storz	Image1	S	
utilise	digital	zoom,	however	resolving	power	should	not	be	lost,	as	information	from	
the	original	pixels	are	not	lost.	
	
Five	test	targets	were	used,	as	described	in	the	next	section,	and	were	mounted	on	
either	side	of	the	test	target	board.	All	optical	analysis	measurements	were	made	by	
the	Principal	Investigator.	The	measurements	were	performed	in	a	dark	room.	For	
resolution	and	field	of	view	tests,	measurements	were	taken	standing	within	1	m	of	
the	monitor	(in	order	to	appreciate	the	optimum	performance	of	the	system).	For	
distortion,	depth	of	field	and	colour	reproduction	tests,	images	were	captured	using	
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either	each	laparoscope’s	recording	unit,	or	using	an	Atomos	Ninja	Flame	(Port	
Melbourne,	Victoria,	Australia),	as	original	digital	images	were	required	for	analysis.	
This	did,	however,	mean	that	the	monitor	was	not	included	as	part	of	the	image	
chain	for	on	colour	reproduction	analysis.	For	3D	systems,	a	2D	image	had	to	be	
extracted	to	allow	video	analysis.	Therefore	the	video	output	from	the	3D	systems	
was	sent	to	a	Dimension-3D	Universal	3D	Format	Converter	(Doremi	Labs,	Burbank,	
California),	which	extracted	the	left	eye	image	only,	to	either	the	recording	unit	or	
the	Atomos	Ninja	Flame.	
	
Note	that,	as	3D	systems	utilise	half	of	an	image’s	pixels	to	store	information	for	the	
left	eye,	and	half	for	the	right,	each	eye	will	only	see	an	image	with	half	the	number	
of	pixels	[35].	Preliminary	tests	using	3D	glasses	instead	of	extracting	the	left	eye	
image	showed	that	this	did	not	affect	resolving	power.	
	
	
Optical	test	targets	
	
To	determine	resolution,	the	Variable	Contrast	USAF	Field	Target	(Edmund	Optics	
Inc,	Barrington,	New	Jersey,	USA)	was	used	(a	version	of	the	1951	USAF	resolution	
target	printed	on	photographic	paper	[118]).	This	consists	of	targets	of	varying	
contrasts,	but	only	the	highest	contrast	target	was	used	in	this	experiment	(Figure	4).	
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Figure	4:	The	resolution	test	target,	as	viewed	with	the	Olympus	VISERA	4K	UHD	
10mm	0	degree	laparoscope	
	
Each	test	target	comprises	multiple	groups	of	horizontal	and	vertical	line	pairs,	each	
with	different	numbers	of	line	pairs	per	millimetre	[6].	The	line	pairs	consist	of	
alternating	white	and	black	lines.	The	limit	of	resolution	is	determined	when	these	
lines	cannot	be	distinguished	from	one	another	as	separate	lines.	The	vertical	groups	
are	used	to	determine	horizontal	resolution,	whilst	the	horizontal	groups	are	used	to	
determine	vertical	resolution	[3].	
	
Pixel	resolution	was	obtained	from	manufacturers’	documentation.	Pixel	per	inch	
resolution	was	calculated	by	dividing	the	horizontal	and	vertical	pixel	resolution	by	
the	horizontal	and	vertical	display	dimensions	respectively.	Where	these	dimensions	
were	not	listed	in	manufacturer	documentation,	these	were	measured.	
	
A	custom	distortion	grid	was	made	based	on	the	principles	of	the	Edmund	Optics	
grid	distortion	targets	[119].	A	grid	of	3	mm	diameter	dots	spaced	6	mm	from	centre	
to	centre	was	designed	(Figure	5)	using	the	GNU	Image	Manipulation	Program	[120].		
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Figure	5:	Distortion	test	chart
	 	
45	
Percentage	distortion	is	measured	from	the	centre	to	the	periphery	of	an	image,	and	
is	equal	to	[21]:	
	
Distortion	(%)	=	(actual	distance	–	predicted	distance)										x										100	
																																																								predicted	distance	
	
Figure	6	illustrates	how	these	distances	were	measured.	Distortion	was	measured	in	
the	vertical	and	horizontal	directions,	using	the	GNU	Image	Manipulation	Program.	
In	order	to	correct	for	an	inaccuracies	in	the	experimental	set	up,	horizontal	
distortion	was	derived	from	averaging	the	distortion	measurements	taken	from	the	
left	and	right	sides	of	the	image.	Similarly,	vertical	distortions	were	measured	for	the	
top	and	bottom	halves	of	each	image,	and	averaged.	
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Figure	6:	The	calculation	of	optical	distortion.	This	diagram	demonstrates	the	
measurement	of	horizontal	distortion	from	the	centre	of	an	image	to	the	periphery.	
The	upper	image	shows	the	distorted	image	of	the	test	target,	as	seen	through	the	
laparoscope.	The	lower	image	shows	the	same	area	of	the	undistorted	test	target.	
Near	the	centre	of	the	distorted	image,	distortion	is	assumed	to	be	near	to	0%.	The	
distance	from	the	edge	of	one	central	dot	to	the	edge	of	the	adjacent	dot	(x)	is	
measured	digitally.	The	predicted	distance	from	the	edge	of	the	central	dot	to	the	
edge	of	a	dot	at	the	periphery	of	the	image	is	x	multiplied	by	the	number	of	dots	
between	these	two	points	(x*n).	The	actual	distance	between	these	points	is	
measured	digitally	(y).	The	resulting	values	are	entered	into	the	distortion	equation.	
	
	
A	custom-made	field	of	view	chart	(Figure	7)	was	designed	using	the	GNU	Image	
Manipulation	Program,	consisting	of	vertical	and	horizontal	centimetre	rulings.	A	
simple	trigonometric	method	has	previously	been	described	by	which	field	of	view	
can	be	calculated	[72].	The	camera	to	be	measured	photographed	the	chart	at	the	
known	distance	(10	cm).	By	measuring	the	distance	on	the	chart	that	had	been	
captured	in	the	image,	trigonometry	was	used	to	calculate	vertical	and	horizontal	
FOV	(in	degrees).	
	
To	mimic	the	reflective	properties	of	commercially	available	test	targets	[118,121],	
the	field	of	view	and	distortion	targets	were	printed	on	photo-type	A4	size	paper,	at	
a	high	resolution	(300-600	dots	per	inch).	
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Figure	7:	Field	of	view	test	target	
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The	5-15	Depth	of	Field	Target	(Edmund	Optics	Inc,	Barrington,	New	Jersey,	USA)	
consists	of	scales	of	horizontal	and	vertical	line	pairs	of	5	and	15	lp/mm	resolution,	
angled	at	45	degrees	to	the	camera.	The	depth	of	field	across	which	an	‘acceptable	
image’	of	the	line	pairs	can	be	seen	is	determined	on	the	target’s	millimetre	scale	
[122]	(Figure	8).	In	this	experiment,	the	limits	of	the	depth	of	field	were	defined	as	
the	points	at	which	the	image	visibly	lost	sharpness/focus	on	the	horizontal	5	lp/mm	
scale.	
	
	
	
Figure	8:	Measuring	the	depth	of	field	of	the	4K	prototype	system	using	the	Edmund	
Optics	5-15	Depth	of	Field	Target.	Here	the	image	was	deemed	‘acceptable’	across	a	
distance	of	2.2	cm	(note	that	the	scale	is	in	millimetres).	
	
	
The	X-Rite	ColorChecker	Passport	Video	(X-Rite	Inc.,	Michigan,	US)	was	used	as	the	
standard	target	for	comparing	colour	reproduction	(Figure	9).	
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Figure	9:	The	X-Rite	ColorChecker	Passport	Video,	as	viewed	using	the	Olympus	
VISERA	4K	UHD	system.	
	
	
Optical	test	procedure	
	
Optical	tests	were	performed	across	a	variety	of	laparoscopic	systems	that	have	
been	developed	over	the	last	ten	years.	This	selection	was	chosen	to	compare	a	
range	of	2D	and	3D	systems	of	different	resolutions	from	different	technological	
generations.	Furthermore,	latest	generation	systems	(with	the	highest	quality	
images)	were	attached	to	both	small	(around	30	inch)	and	large	(around	50	inch)	
format	monitors,	to	investigate	whether	benefits	were	seen	with	large	screen	
imaging.	4K	imaging	may	be	of	most	benefit	with	smaller	diameter	laparoscopes	that	
admit	less	light,	and	therefore	traditionally	have	been	associated	with	poorer	quality	
images.	These	laparoscopes	are	more	commonly	used	in	paediatrics,	where	smaller	
skin	incisions	are	required.	Therefore	both	standard	10	mm	and	smaller	5/5.4	mm	
laparoscopes	were	used.	Laparoscopes	with	a	variety	of	angulations	were	used.	Zero	
degree	(non-angled)	scopes	look	directly	forward,	but	angled	scopes	allow	the	
surgeon	to	look	around	and	behind	anatomical	structures.	To	investigate	whether	
laparoscopes	of	different	angles	have	different	optical	properties,	both	0	and	30	
degree	laparoscopes	were	used.	 	
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Methods	of	analysis	
	
A	descriptive	analysis	was	conducted	by	the	Principal	Investigator,	comparing	the	
test	target	images	produced	by	each	laparoscopic	system.	Due	to	time	constraints,	it	
was	not	possible	to	perform	repeated	measurements	or	statistical	analysis.	
However,	these	tests	are	suitably	objective,	with	only	minor	subjectivity	regarding	
what	constitutes	the	limit	of	resolution,	depth	of	field	and	colour	reproduction.	It	
was	felt	that	multiple	observers	and	testing	of	repeatability	were	not	required.	
	
Qualitative	data	were	also	collected	during	the	clinical	trial,	and	as	part	of	subjective	
equipment	evaluations	performed	by	operating	surgeons	for	Olympus	Medical	
Systems	and	Karl	Storz	Endoscopy.	These	are	reported	after	the	laboratory	optical	
analysis.	
	
	
The	laparoscopic	systems	
	
Storz	HD	–	A	2D,	high	definition	resolution	system.	As	standard	this	utilised	a	23	inch	
SC-WU23-A1511	NDS	Radiance	LCD	monitor	(NDS	Surgical	Imaging,	LLC,	San	Jose,	
California).	
	
Storz	Image1	3D	–	A	first	generation	3D	system;	high	definition	resolution.	
	
Storz	Image1	S	3D–	A	second	generation	3D	system;	high	definition	resolution.	
Images	were	displayed	on	the	standard	Panasonic	26	inch	EJ-MDA26	3D	LCD	monitor	
(Panasonic,	Kadoma,	Japan)	and	on	a	commercially	available	JVC	45.9	inch	GD-
463D10U	3D	LCD	monitor	(JVC,	Yokohama,	Japan).	
	
Storz	Image1	S	4U	–	A	2D,	UHD	resolution	system	that	utilises	upscaling	from	a	HD	
resolution	camera.	Images	were	displayed	on	the	Panasonic	31.5	inch	EJ-ML432Z	
LCD	UHD	monitor	(Panasonic,	Kadoma,	Japan)	and	Sony	54	¾	inch	LMD-X550MD	LCD	
UHD	monitor	(Sony,	Tokyo,	Japan).	
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Olympus	VISERA	4K	UHD	–	A	2D	system	supporting	both	UHD	and	4K	resolutions.	
Images	were	displayed	on	the	31	inch	LMD-X310S	(4K)	and	55	inch	LMD-X550S	
(UHD)	Sony	LCD	monitors	(Sony,	Tokyo,	Japan).	
	
4K	prototype	–	The	custom-made	experimental	2D,	4K	prototype,	as	described	
above.	The	image	was	displayed	on	an	LG	55	inch	55UF850V	LED	UHD/4K	monitor	
(LG	Electronics,	Seoul,	South	Korea).	
	
For	the	Storz	HD	and	UHD	systems,	Hopkins	II	rod	lens	endoscopes	were	used.	The	
Storz	3D	systems	were	dual	channel	passive	polarising	systems,	which	utilised	their	
respective	“chip-on-the-tip”	TIPCAM1	S	3D	LAP	laparoscopes	(Karl	Storz	Endoscopy,	
Tuttlingen,	Germany).	The	Olympus	VISERA	4K	UHD	system	utilises	‘ULTRA’	
laparoscopes	(Olympus	Europa,	Hamburg,	Germany).	When	possible,	new	light	leads	
and	laparoscopes	were	used	to	avoid	the	degradation	in	performance	that	occurs	
with	use	[123].	
	
	
Results	
Resolution	and	field	of	view	
	
Table	1	demonstrates	the	resolutions	and	field	of	view	of	each	system,	camera	
angulation,	laparoscope	diameter	and	screen	size,	as	listed	in	the	first	3	columns.	
Note	that	not	all	systems	were	designed	for	use	with	more	than	one	monitor	size.	 	
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Table	1:	Resolution	and	field	of	view	of	the	laparoscopic	systems	
The	resolution	pertain	to	the	final	resolutions	as	seen	on	the	monitor	(i.e.	the	image	chain	as	a	whole)	
†The	aspect	ratio	(the	width	divided	by	the	height	of	the	display)	for	the	Storz	HD	and	Storz	Image1	
images	did	not	match	the	aspect	ratio	of	the	HD	pixel	resolution,	suggesting	that	these	monitors	
cropped	the	edges	of	the	image.	It	therefore	does	not	display	the	advertised	HD	pixel	resolution.	It	
was	assumed	that	the	vertical	pixel	resolution	was	preserved.	Therefore	the	assumed	true	horizontal	
pixel	resolution	was	calculated	by	multiplying	the	vertical	pixel	resolution	by	the	measured	aspect	
ratio.	‡	For	digital	zoom,	a	value	of	1	represents	no	digital	zoom,	although	optical	zoom	may	still	
apply.	
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	 Laparoscope	 Screen	diagonal	
(inches)	
Pixel	Resolution	 Screen	pixels	per	inch	 Resolution	(lp/mm)	 Digital	
Zoom‡	
Field	of	view	(°)	
Stack	
Angle	
(°)	
Diameter	
(mm)	
Horiz.	 Vertical	 	 Horiz.	 Vertical	 Horiz.	 Vertical	 Horiz.	 Vertical	
Olympus	VISERA	
4K	UHD	
0	 10	 Standard	(31.1)	 4096	 2160	 4K	 148.8	 148.7	 6.35	 5.66	 1.4	 80	 47	
0	 10	 Large	(54.8)	 3840	 2160	 UHD	 80.5	 80.4	 6.35	 5.66	 1.4	 76	 47	
	
30	 10	 Standard	(31.1)	 4096	 2160	 4K	 148.8	 148.7	 5.66	 5.66	 1.4	 80	 47	
	
30	 10	 Large	(54.8)	 3840	 2160	 UHD	 80.5	 80.4	 5.66	 5.66	 1.4	 76	 47	
	
0	 5.4	 Standard	(31.1)	 4096	 2160	 4K	 148.8	 148.7	 4.49	 4	 1.6	 79	 47	
	
0	 5.4	 Large	(54.8)	 3840	 2160	 UHD	 80.5	 80.4	 4.49	 4.49	 1.6	 75	 47	
	
30	 5.4	 Standard	(31.1)	 4096	 2160	 4K	 148.8	 148.7	 4	 3.56	 1.6	 80	 47	
	
30	 5.4	 Large	(54.8)	 3840	 2160	 UHD	 80.5	 80.4	 4	 3.56	 1.6	 76	 47	
Storz	Image1	S	4U	 0	 10	 Standard	(31.5)	 3840	 2160	 UHD	 139.9	 139.9	 4.49	 4.49	 2	 61	 36	
	 0	 10	 Large	(54.6)	 3840	 2160	 UHD	 80.6	 80.6	 4.49	 4.49	 2	 61	 36	
	 30	 10	 Standard	(31.5)	 3840	 2160	 UHD	 139.9	 139.9	 4.49	 4.49	 2	 61	 36	
	 30	 10	 Large	(54.6)	 3840	 2160	 UHD	 80.6	 80.6	 4	 4.49	 2	 61	 36	
	 0	 5	 Standard	(31.5)	 3840	 2160	 UHD	 139.9	 139.9	 4.49	 4.49	 2	 61	 35	
	 0	 5	 Large	(54.6)	 3840	 2160	 UHD	 80.6	 80.6	 4.49	 4.49	 2	 61	 35	
	 30	 5	 Standard	(31.5)	 3840	 2160	 UHD	 139.9	 139.9	 4	 4	 2	 62	 35	
	 30	 5	 Large	(54.6)	 3840	 2160	 UHD	 80.6	 80.6	 4	 4	 2	 62	 35	
4K	prototype	 n/a	 n/a	 54.6	 3840	 2160	 UHD	 80.6	 80.6	 17.95	 17.95	 1	 50	 30	
Storz	HD	 0	 10	 23.0	 1731†	 1080	 HD	 88.6†	 88.6	 4.49	 4	 1	 59	 38	
	 30	 10	 23.0	 1731†	 1080	 HD	 88.6†	 88.6	 4	 3.56	 1	 60	 39	
	 0	 5	 23.0	 1731†	 1080	 HD	 88.6†	 88.6	 3.56	 4	 1	 53	 33	
	 30	 5	 23.0	 1731†	 1080	 HD	 88.6†	 88.6	 4	 3.56	 1	 56	 36	
Storz	Image1	3D	 0	 10	 31.5	 1663†	 1080	 HD	 69.8†	 69.8	 2.83	 2.24	 1.34	 50	 32	
	
30	 10	 31.5	 1663†	 1080	 HD	 69.8†	 69.8	 2.83	 2.24	 1.34	 50	 32	
Storz	Image1	S	3D	 0	 10	 Standard	(26.0)	 1920	 1080	 HD	 84.7	 84.7	 5.04	 4	 1	 73	 40	
	 0	 10	 Large	(45.9)	 1920	 1080	 HD	 48.0	 48.0	 5.04	 4	 1	 73	 40	
	 30	 10	 Standard	(26.0)	 1920	 1080	 HD	 84.7	 84.7	 5.04	 4	 1	 74	 40	
	
30	 10	 Large	(45.9)	 1920	 1080	 HD	 48.0	 48.0	 5.04	 4	 1	 74	 40	
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a)	Olympus	VISERA	4K	UHD	10mm	0	degree	laparoscope	
	
	
	
b)	Prototype	4K	camera	
	
Figure	10:	Comparison	of	the	resolving	power	of	two	laparoscopic	systems	
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Figure	10	compares	the	resolving	power	of	two	different	systems	in	the	experiment.	
The	prototype	UHD	system	demonstrated	a	resolving	power	of	17.95	lp/mm,	whilst	
the	commercially	available	4K	systems	had	resolving	power	of	4	to	6.35	lp/mm.	The	
3D	image	1S	high	definition	laparoscope	had	a	resolving	power	of	4	to	5.05	lp/mm.	
The	older	generation	HD	systems	(Storz	HD	and	Storz	Image1	3D)	resolved	between	
2.24	and	4.49	lp/mm.	The	range	of	resolving	power	between	all	of	the	commercial	
systems	was	narrow,	from	2.24	to	6.35	lp/mm.	For	the	Storz	Image1	S	4U	and	the	
Storz	HD	systems	the	measured	resolutions	for	the	10	mm	and	5	mm	laparoscopes	
overlapped.	The	Olympus	VISERA	4K	UHD	10	mm	laparoscope	resolved	between	
5.66	and	6.35	lp/mm,	whilst	the	5.4	mm	laparoscope	resolved	between	3.56	and	
4.49	lp/mm.	
	
The	screen	size	did	not	affect	the	maximum	resolving	power	of	the	laparoscope	
(allowing	for	measurement	errors).	
	
Figure	11	gives	a	comparison	of	the	field	of	view	of	two	of	the	laparoscopic	systems.	
The	Olympus	VISERA	4K	possessed	a	field	of	view	of	80	degree	horizontal	and	47	
vertical	when	using	the	wider	resolution	4K	screen	(this	was	slightly	less	when	using	
the	narrower	resolution	UHD	screen).	The	FOVs	were	around	73	degrees	by	40	
degrees	for	the	Storz	Image1S	3D,	61	degrees	by	36	degrees	for	the	Storz	Image	1S	
4U,	59	degrees	by	38	degrees	for	the	Storz	HD,	and	50	degrees	by	32	degrees	for	the	
Storz	Image1	3D.	Note	that	the	4K	prototype	was	set	to	a	focal	length	that	aimed	to	
match	the	FOV	of	this	system,	for	standardisation	in	the	simulator	experiments.	
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a)	Olympus	VISERA	4K	UHD	10mm	0	degree	laparoscope	
	
	
	
b)	Prototype	4K	camera	
	
Figure	11:	Comparison	of	the	field	of	view	of	two	laparoscopic	systems
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Distortion	
	
Table	2	demonstrates	the	distortion	of	each	system,	compared	to	the	field	of	view.	
All	of	the	commercial	systems	demonstrated	barrel	(negative)	distortion,	except	for	
a	small	amount	of	positive	distortion	seen	with	the	0	degree	5.4mm	Olympus	VISERA	
4K	UHD	laparoscope	(which	may	be	due	to	experimental	error).	The	horizontal	
distortion	of	the	2D/4K	systems	ranged	from	-4.4	to	+1.2,	whilst	for	the	3D	systems	
these	values	were	-6.1	to	-13.4.	
	
Distortion	for	the	4K	prototype	was	close	to	zero,	but	slightly	positive	in	the	
horizontal	dimension	and	negative	in	the	vertical	direction.	Again,	this	discrepancy	
may	be	due	to	experimental	error.	
	
The	relationship	between	FOV	and	distortion	was	not	obviously	demonstrated,	as	
the	Olympus	5mm	showed	a	wide	FOV	but	very	little	distortion.	Also	of	note,	digital	
zoom	may	confound	the	interpretation,	as	it	reduces	FOV,	although	again	no	clear	
pattern	was	seen	to	demonstrate	this.	Figure	12	provides	a	comparison	of	the	
distortion	of	two	systems	in	the	study.
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Table	2:	Distortion	and	field	of	view	of	the	laparoscopic	systems	
These	were	captured	from	the	laparoscopic	systems’	digital	output,	rather	than	from	the	monitors,	therefore	the	effect	of	monitor	size	has	not	been	evaluated.	Field	of	
views	are	derived	from	the	standard-sized	laparoscopic	screen	
	
	 Laparoscope	 Digital	
Zoom	
Field	of	view	(°)	 Distortion	
Stack	 Angle	(°)	 Diameter	(mm)	 Horizontal	 Vertical	 Horizontal	 Vertical	
Olympus	VISERA	4K	UHD	 0	 10	 1.4	 80	 47	 -3.9	 -1.8	
	
30	 10	 1.4	 80	 47	 -3.8	 -2.5	
	
0	 5.4	 1.6	 79	 47	 0.3	 0.3	
	
30	 5.4	 1.6	 80	 47	 -0.7	 -0.9	
Storz	Image1	S	4U	 0	 10	 2	 61	 36	 -2.4	 -1.5	
	 30	 10	 2	 61	 36	 -2.9	 -1.9	
	 0	 5	 2	 61	 35	 -3.7	 -1.1	
	 30	 5	 2	 62	 35	 -4.4	 -2.6	
4K	prototype	 n/a	 n/a	 1	 50	 30	 1.2	 -0.7	
Storz	HD	 0	 10	 1	 59	 38	 -1.1	 -0.9	
	 30	 10	 1	 60	 39	 -2.2	 -0.9	
	 0	 5	 1	 53	 33	 -2.2	 -1.2	
	 30	 5	 1	 56	 36	 -1.0	 -1.0	
Storz	Image1	3D	 0	 10	 1.34	 50	 32	 -7.8	 -3.4	
	
30	 10	 1.34	 50	 32	 -6.1	 -3.2	
Storz	Image1	S	3D	 0	 10	 1	 73	 40	 -13.4	 -3.9	
	 30	 10	 1	 74	 40	 -10.3	 -4.0	
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a)	Olympus	VISERA	4K	UHD	10mm	0	degree	laparoscope	
	
	
	
b)	Prototype	4K	camera	
	
Figure	12:	Comparison	of	the	distortion	of	two	laparoscopic	systems	 	
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Depth	of	field	
	
Objective	measurement	of	depth	of	field	using	the	DOF	5-15	Depth	of	Field	Target	
was	found	to	be	limited,	as	the	DOFs	for	all	systems	(except	for	the	4K	prototype)	
extended	beyond	the	measuring	limits	of	the	target,	as	demonstrated	in	Figure	13.	
For	all	commercially	available	systems	the	near	depth	of	field	limit	was	found	to	be	
closer	than	could	be	measured	with	the	target.	When	the	target	was	moved	closer	to	
the	laparoscope,	the	line	pairs	were	magnified	and	easily	resolved	(and	did	not	
become	unacceptably	blurred),	confounding	the	depth	of	field	measurement.	It	was	
assumed	for	approximation	that	the	near	depth	of	field	limit	was	at	0	cm	from	the	
commercial	laparoscopes.	As	the	middle	of	the	target	(‘25’)	was	at	the	working	
distance	of	10	cm,	the	front	of	the	target	was	7.5	cm	from	the	laparoscope.	Thus	to	
obtain	the	DOF	for	commercial	laparoscopes,	7.5	cm	was	added	to	the	reading	on	
the	target.	This	problem	was	not	encountered	with	the	4K	prototype.	
	
										 	
	
Figure	13:	Depth	of	field	comparison	of	the	4K	prototype	(left)	versus	the	Olympus	
VISERA	4K	UHD	(0	degree,	10	mm	laparoscope)	 	
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Table	3:	Depths	of	field	of	the	laparoscopic	systems	to	a	target	of	5	lp/mm	at	10	cm	
working	distance	
	
	 Laparoscope	 Depth	of	field	
Stack	 Angle	(°)	 Diameter	(mm)	
Olympus	VISERA	4K	UHD	 0	 10	 11.1	
	
30	 10	 11.3	
	
0	 5.4	 10.8	
	
30	 5.4	 10.5	
Storz	Image1	S	4U	 0	 10	 10.8	
	 30	 10	 10.7	
	 0	 5	 10.9	
	 30	 5	 11.1	
4K	prototype	 n/a	 n/a	 2.3	
Storz	HD	 0	 10	 9.7	
	 30	 10	 9.8	
	 0	 5	 10.3	
	 30	 5	 10.5	
Storz	Image1	3D	 0	 10	 9.6	
	
30	 10	 10.0	
Storz	Image1	S	3D	 0	 10	 11.3	
	 30	 10	 11.1	
	
	
Table	3	lists	the	DOF	measurements	taken	using	the	5	lp/mm	target.	Note	this	
resolution	was	chosen	for	comparison	between	systems	only.	A	surgeon	will	be	able	
to	utilise	a	much	greater	depth	of	field,	as	surgical	equipment	and	anatomical	
structures	are	much	larger,	and	therefore	much	easier	to	resolve.	Note	also	that	in	
the	resolution	section	it	was	found	that	many	systems	were	not	able	to	resolve	at	5	
lp/mm.	As	the	DOF	target	was	placed	with	its	centre	10	cm	away,	the	near	portion	of	
the	target	was	closer,	allowing	greater	resolving	ability.	
	
The	DOFs	for	the	commercially	available	laparoscopic	systems	ranged	from	9.6	to	
11.3	cm.	The	4K	prototype	had	a	depth	of	field	of	2.3	cm.	
62	
Figure	14:	Comparison	of	the	colour	reproduction	of	each	laparoscopic	system		
	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
X-Rite	ColorChecker	Passport	Video	
	
Storz	HD	
	
Storz	Image1	S	3D	
	
Olympus	VISERA	4K	UHD	
	
Storz	Image1	3D	
	
Storz	Image1	S	4U	
	
4K	prototype	
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Colour	reproduction	
	
	
Figure	14	demonstrates	the	colour	reproduction	images	for	each	of	the	laparoscopic	
systems,	alongside	a	digital	reproduction	of	the	X-Rite	ColorChecker	Passport	Video	
[124,125].	There	was	not	expected	to	be	any	noticeable	difference	between	
laparoscopes	of	different	diameters	or	angulations	(except	for	a	reduced	brightness	
with	the	narrower	5/5.4	mm	laparoscopes,	which	transmit	less	light).	For	the	
commercial	systems,	analysis	was	performed	using	0	degree	10	mm	laparoscopes.	
	
No	method	could	be	found	in	the	literature	to	objectively	compare	the	quality	of	
colour	reproduced	by	each	system.	Attempts	were	made	with	the	GNU	Image	
Manipulation	Programme	[120].	Colour	histograms	were	created	to	determine	
average	RGB	(red,	green	and	blue)	colour	values	for	the	red,	green	and	blue	areas	of	
the	colour	reproduction	images.	However	these	did	not	accurately	reflect	the	overall	
colour	being	displayed,	possibly	due	to	the	wide	variation	in	the	
captured/compressed	pixel	colour	values	within	each	colour	chip,	and	no	meaningful	
conclusions	could	be	drawn	when	comparing	the	different	systems	using	this	
method.	
	
On	subjective	evaluation,	all	of	the	systems	appeared	to	reproduce	the	colours	
accurately.	However,	some	systems	lacked	brightness,	as	demonstrated	in	the	
greyscale	line,	in	which	the	off-white	chip	appeared	light	grey,	and	the	dark	grey	chip	
appeared	black.	This	is	not	of	clinical	importance,	as	abdominal	anatomy	is	
predominantly	made	of	reds,	blues	and	yellows,	which	appeared	well	reproduced.	
Furthermore,	brightness	settings	can	be	adjusted	on	the	image	processing	unit.	It	
has	been	noticed	anecdotally	that	laparoscopic	systems	produced	by	different	
manufacturers	tend	to	differ	in	their	colour	quality,	and	above	it	is	appreciable	that	
the	Storz	images	may	be	‘warmer’	(more	red/yellow)	whilst	the	Olympus	image	is	
‘colder’	(more	blue/purple).	Ultimately,	this	is	more	a	matter	of	surgeon	preference	
than	clinical	importance.		
	
	64	
	
Evaluation	of	the	4K	prototype	
	
Optical	analysis	suggests	that	the	4K	prototype	has	a	high	resolving	power,	and	may	
be	a	useful	experimental	tool	for	studying	ultra	high	resolution.	The	field	of	view	was	
designed	to	match	that	of	the	Storz	Image1	3D.	When	used	in	the	simulator	
experiments	(see	Chapter	3),	this	will	ensure	that	both	systems	have	views	with	
similar	compositions,	therefore	reducing	bias	in	the	experiment.	Like	the	Olympus	
VISERA	4K	UHD,	the	4K	prototype	appears	to	have	low	distortion,	and	good	colour	
representation.	
	
The	depth	of	field,	however,	was	narrow	with	the	4K	prototype.	As	described	above,	
to	improve	depth	of	field	the	aperture	size	could	be	reduced	and	the	working	
distance	could	be	increased.	It	was	not	possible	to	increase	the	working	distance,	as	
the	camera	had	to	be	incorporated	into	the	rig	to	allow	space	for	the	participant	to	
stand	behind	the	rig.	Furthermore,	the	aperture	was	set	to	a	small	size.	A	range	of	
different	lenses	were	considered,	but	as	the	described	set-up	and	lens	met	most	
closely	the	requirements	for	the	rig,	a	compromise	was	made	regarding	the	depth	of	
field.	Participants	would	be	instructed	to	aim	to	keep	their	instruments	within	this	
depth	of	field	during	the	simulator	tasks.	
	
	
Subjective	evaluation	during	clinical	use	
	
A	series	of	subjective	observations	regarding	the	Olympus	VISERA	4K	UHD,	Storz	
Image	1S	3D	and	Storz	Image	1S	4U	were	reported	by	our	surgeons	during	clinical	
use.	All	systems	were	considered	to	give	a	very	high	quality	image.	This	suggests	that	
resolution	is	not	the	most	important	factor	in	laparoscopic	image	quality.	
Furthermore,	whilst	4K	resolution	was	felt	to	provide	better	depth	perception	than	
2D	HD	systems,	the	depth	perception	of	the	3D	system	was	reported	as	far	superior.	
No	significant	side	effects	were	reported.	Surgeons	did	report	that	it	took	a	few	
minutes	to	adapt	when	swapping	between	4K	and	3D	systems,	and	therefore	it	may	
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be	beneficial	to	surgeons	to	consistently	use	a	single	system.	A	more	detailed	
subjective	evaluation	of	the	Olympus	VISERA	4K	UHD	and	the	Storz	Image	1S	3D	is	
given	below.	
	
Olympus	VISERA	4K	UHD:	
	
All	surgeons	commented	on	the	excellent	quality	of	the	image,	and	the	ability	to	
discriminate	fine	anatomy,	including	small	blood	vessels.	In	particular,	the	wide	
angle	of	view	was	felt	to	aid	dissection	during	Nissen	Fundoplication,	when	it	was	
necessary	to	dissect	around	the	oesophagus.	
	
However,	a	frequent	problem	with	this	system	was	degraded	in	image	quality	by	
spray,	smoke	and	fogging,	and	the	need	for	laparoscope	cleaning	resulting	in	
operative	delays.	Of	interest,	these	degradations	in	the	image	quality	were	not	
apparent	when	the	image	was	viewed	on	the	smaller	31	inch	screen,	and	there	are	
likely	a	product	of	viewing	the	image	at	full	size.	It	is	unclear	whether	this	is	a	
problem	related	to	the	high	resolution,	or	the	laparoscope	itself,	although	a	limited	
trial	with	the	Storz	Image	1S	4U	did	not	reveal	this	to	be	a	major	problem.	This	could,	
for	the	most	part,	be	overcome	by	thorough	warming	before	use,	careful	cleaning,	
and	the	use	of	smoke	evacuation	systems.	However	in	some	procedures	this	is	
difficult	to	overcome,	for	example	in	TEP	hernia	repair,	in	which	the	camera	is	very	
close	to	the	operative	site	and	smoke	accumulated	rapidly	in	the	small	operative	
space.	
	
	
Storz	Image1S	3D:	
	
The	HD	resolution	was	not	felt	to	limit	the	image	quality	of	the	Storz	Image1S	3D.	
Indeed,	the	improved	depth	perception	associated	with	the	binocular	vision	was	felt	
to	result	in	fewer	missed	contacts	when	using	the	laparoscopic	instruments	than	
with	the	4K	system.	However,	whilst	with	normal	laparoscopic	systems	some	fogging	
or	spray	can	be	tolerated,	when	fogging	or	spray	affected	one	3D	laparoscope	lens,	
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the	resulting	image	was	intolerable	(as	it	resulted	in	a	discrepancy	between	left	and	
right	eye	images)	and	the	camera	had	to	be	cleaned	immediately.	
	
	
Large	screen	imaging:	
	
Theatre	staff	appreciated	being	able	to	visualise	the	operation	more	easily	through	
the	use	of	the	large	screen.	However,	surgeons	who	are	used	to	operating	on	a	25-30	
inch	screen	found	it	difficult	to	judge	the	size	of	internal	organs,	as	these	appeared	
unusually	magnified	on	the	55	inch	screen.	This	was	occasionally	off-putting	for	
surgeons.	There	was	a	temptation	to	over-use	diathermy	as	minor	bleeding	
appeared	to	be	more	major	on	the	large	screen.	
	
	
Discussion	
	
This	descriptive	analysis	has	compared	the	resolution,	field	of	view,	distortion,	depth	
of	field	and	colour	representation	of	a	range	of	2D,	3D	and	4K	laparoscopic	systems.		
As	a	purely	descriptive	analysis,	strong	conclusions	regarding	the	performance	of	
each	camera	system	cannot	be	made.	
	
The	4K	prototype	laparoscopic	system	may	meet	most	of	the	requirements	for	a	3D	
versus	4K	simulator	trial.	The	depth	of	field	of	this	prototype,	however,	had	to	be	
compromised.	This	locally	developed	simulator	requires	modification	and	
experimental	testing	in	order	to	validate	it	against	commercially	available	4K	
systems,	however	this	was	not	feasible	in	the	current	study.	
	
The	resolving	powers	of	commercial	systems	fell	into	a	narrow	range,	despite	the	
fact	that	4K	systems	had	twice	the	pixel	resolution	in	each	dimension.	In	contrast,	
the	4K	prototype	had	a	high	resolving	power,	despite	having	the	same	pixel	
resolution	and	ppi	count	as	other	4K	systems	in	the	study.	This	system	utilised	a	
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larger	lens	and	camera	with	potentially	a	larger	sensor.	These	observations	suggest	
that	optical	improvements	throughout	the	image	chain,	aside	from	improving	the	
pixel	resolution,	have	an	important	effect	on	resolving	power.	Indeed,	the	Olympus	
VISERA	4K	UHD	system	has,	as	well	as	utilising	4K	resolution,	implemented	
improvements	in	the	quality	of	the	glass	in	the	laparoscope	lenses,	brightness	of	the	
light	source,	light	sensitivity	and	noise	reduction	of	the	sensor,	autoexposure	
algorithms	in	the	processor,	monitor	contrast,	and	number	of	colours	used	by	the	
digital	colour	gamut	[111].	
	
The	results	for	the	3D	systems	are	interesting,	as	it	would	be	expected	that	
resolution	with	the	passive	polarising	systems	would	be	low,	as	only	half	of	the	pixels	
reach	each	eye,	as	explained	in	Chapter	1.	However,	these	results	reflect	the	findings	
of	Gongaware	[49]	who	found	no	difference	in	visual	acuity	between	active	(having	
full	resolution)	and	passive	3D	systems.	This	would	suggest	that	pixel	resolution	is	
not	as	important	a	factor	in	resolving	power	as	was	expected.	
	
Measured	resolutions	in	this	study	ranged	from	2.24	to	17.95	lp/mm.	Improvements	
in	resolution	may	not	be	clinically	relevant	in	some	operations.	In	the	case	of	
cholecystectomy,	the	average	diameters	of	the	important	structures,	the	cystic	
artery,	cystic	duct	and	common	bile	duct,	are	1.6	mm	[126],	4.6	mm	[127],	and	4.8	
mm	[128],	respectively.	These	require	low	resolving	powers	of	far	less	than	1	lp/mm.	
Nerve	bundles	in	the	pelvic	splanchnic	and	hypogastric	nerves,	which	give	
sympathetic	and	parasympathetic	supply	to	the	pelvic	organs,	have	diameters	of	less	
than	0.05	mm	to	greater	than	0.2	mm	in	diameter,	and	may	not	run	with	the	main	
nerves	[129].	Damage	to	these	nerves	during	rectal	cancer	surgery	is	associated	with	
urological	and	sexual	dysfunction,	and	therefore	it	is	important	to	identify	and	
preserve	them	[130].	Identification	of	small	nerve	bundles	would	require	high	
resolving	power,	upwards	of	2.5	lp/mm.	This	suggests	that	new	technologies	with	
high	resolving	powers	may	be	useful	in	certain	operations.	
	
The	relationship	between	image	quality,	mental	workload	and	performance	should	
be	investigated	in	future	work,	although	it	is	possible	that	ever	increasing	visual	
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quality	will	yield	diminishing	returns.	Large	screens	provide	an	image	that	occupies	
more	of	the	surgeon’s	retina	and	visual	cortex	[68],	and	may	reduce	“semi-stare”	
and	visual	fatigue	[69].	In	the	current	study,	resolutions	were	measured	within	1	m	
of	the	screens,	and	larger	screens	may	be	expected	to	have	resolution	benefits	at	
further	distances,	especially	in	theatres	where	for	ergonomic	reasons	the	screens	
must	be	further	from	the	surgeon	(such	as	larger	operating	theatres	or	theatres	with	
wall	mounted	screens).	These	potential	benefits	of	large	screens	should	be	studied.	
	
The	theoretical	‘ideal	laparoscope’	carefully	balances	the	conflicting	optical	
properties.	It	will	possess	a	sensor	with	a	high	pixel	resolution,	but	with	dimensions	
small	enough	to	fit	into	a	compact	laparoscope	(particularly	in	the	case	of	3D	
laparoscopes	where	two	sensors	are	required).	A	low	focal	length,	wide-angled	lens	
(and	a	large	sensor)	is	required	to	provide	a	wide	field	of	view	of	the	abdominal	
contents,	however	this	must	not	be	at	the	expense	of	excessive	distortion.	Barrel	
distortion	in	endoscopes	causes	structures	at	the	periphery	of	the	image	to	appear	
smaller,	and	more	distant,	leading	to	errors	in	depth	perception	and	object	
localisation	[22].	The	aperture	must	be	large	enough	to	allow	adequate	light	to	reach	
the	sensor,	particularly	in	the	darkened	abdominal	cavity,	but	the	depth	of	field	must	
not	be	compromised.	The	optics	must	maximise	depth	of	field	and	field	of	view	to	
overcome	the	short	working	distances	at	which	laparoscopes	must	operate	inside	
the	abdominal	cavity.	If	the	field	of	view	or	depth	of	field	are	too	narrow,	the	camera	
will	need	to	be	repositioned	more	often,	which	may	increase	operative	time	[12].	
Furthermore,	it	is	possible	that	poor	laparoscope	optics,	such	as	poor	depth	of	field,	
may	increase	the	risk	of	organ	damage	[5].	However,	the	field	of	view	is	restricted	by	
the	demand	for	small	sensor	size	in	a	compact	laparoscope	[12].	Laparoscope	sensor	
and	pixel	sizes,	focal	lengths,	aperture	sizes	and	f-stop	values	are	generally	not	
published	by	laparoscope	manufacturers.	Therefore,	these	properties	could	not	be	
compared	in	the	analysis.	
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Limitations	
	
The	optical	experiments	involved	only	a	single	observer	(the	Principal	Investigator)	
and	did	not	test	repeatability	with	repeated	measures	or	multiple	laparoscopes	from	
each	system,	diameter	and	angulation.	This	could	be	undertaken	in	future	studies.	
	
Comparisons	between	different	laparoscopic	systems	were	limited	due	to	the	
heterogeneous	nature	of	the	available	commercial	systems.	In	particular,	bias	was	
introduced	as	the	study	compared	systems	produced	by	two	different	companies,	
Olympus	and	Karl	Storz,	and	equipment	of	different	technological	generations.	
Systems	that	differed	in	just	a	single	optical	variable	were	not	available	for	this	trial.	
	
The	established	DOF	targets	are	designed	to	evaluate	2D	systems	(therefore	in	the	
case	of	3D	systems,	the	image	from	only	one	eye	was	utilised).	For	the	3D	systems,	a	
further	contributor	to	depth	of	field	should	be	examined.	During	data	collection,	it	
was	observed	that	there	is	a	point	at	which	the	target	object	becomes	too	close	to	
the	laparoscope,	and	the	3D	effect	is	lost.	Most	importantly,	this	study	was	only	able	
to	analyse	2D	optical	properties,	and	did	not	explore	depth	perception,	where	3D	
systems	are	likely	to	hold	the	greatest	advantage.	
	
	
Conclusions	
	
Ultra	high	pixel	resolution	is	only	one	of	several	factors	that	influence	resolving	
power	and	image	quality.	Due	to	the	descriptive	nature	of	this	work,	further	
conclusions	cannot	be	drawn	about	the	optical	properties	of	3D	laparoscopic	
systems	when	compared	to	4K	systems.	Experimental	research	is	required.	 	
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Chapter	3	–	A	randomised,	crossover	trial	to	determine	
whether	a	3D	laparoscopic	system	improves	novice	and	
experienced	surgeons’	performance	in	simulated	tasks	
when	compared	to	an	ultra	high	definition	(4K)	
laparoscopic	system	
	
	
Methods			
Primary	and	secondary	outcomes	
	
Primary	outcome:	
	
The	number	of	errors	committed	by	novices	and	experienced	surgeons	during	
laparoscopic	simulator	tasks	
	
Secondary	outcomes:	
	
a)	The	amount	of	time	that	it	takes	to	complete	laparoscopic	simulator	tasks	
b)	The	mental	and	physical	workload	experienced	during	laparoscopic	simulator	
tasks	
c)	Side	effect	severity		
d)	Subjective	quality	of	the	laparoscopic	image	
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Study	design	
	
	
	
Figure	1:	Study	design	
	
The	methods	of	this	study	followed	those	of	previous	studies	at	our	institution	
[56,95].	A	two-period,	two-treatment	crossover	design	was	used.	Participants	
performed	tasks	on	a	3D	and	4K	(the	treatments)	laparoscopic	simulator	in	a	
randomised	order	(the	period	describing	the	section	of	the	protocol	in	which	each	
treatment	was	performed,	i.e.	first	or	second;	Figure	1).	The	benefits	of	this	design	
are:	to	reduce	the	impact	of	inter-individual	variability	on	interpretation	of	results,	
and	the	reduced	number	of	participants	that	need	to	be	recruited,	as	each	
participant	is	exposed	to	all	interventions	[131].	Crossover	trials	are	at	risk	of	bias	as	
the	order	in	which	participants	undertake	the	interventions	may	affect	the	outcome.	
If	the	outcome	following	a	treatment	is	different	depending	on	in	which	period	the	
treatment	was	undertaken,	we	have	termed	this	a	‘period-by-treatment	interaction’.		
This	may	be	a	result	of	‘carry	over’	effects	in	which	the	effects	of	the	first	treatment	
(for	example,	in	this	study,	the	learning	of	task-specific	skills)	may	influence	
outcomes	with	the	second	treatment.	A	‘washout	period’	may	eliminate	carry	over	
effects	[131].	However,	this	was	not	possible	in	the	present	trial	as	it	was	difficult	to	
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recruit	participants	who	were	able	to	commit	two	separate	trial	dates.	There	was	
also	a	risk	that	participants	may	withdraw	from	one	of	the	trial	dates	due	to	other	
commitments,	therefore	resulting	in	incomplete	data.	The	presence	of	period-by-
treatment	interaction	effects	will	be	tested	for	statistically.		
	
Power	calculations	were	performed	by	a	statistician	based	at	the	University	of	
Surrey.	The	power	calculation	for	the	primary	outcome	of	total	number	of	errors	
committed	were	based	on	previous,	similar,	studies	[56,94].	Jourdan	et	al.	[94]	
reported	a	mean	(standard	error	of	mean)	number	of	errors	among	experienced	
surgeons	undertaking	simulated	laparoscopic	tasks	under	3D	and	2D	HD	conditions	
of	20.8	(3.9)	and	60.6	(7.8).	This	represented	a	65.7%	reduction	in	the	mean	number	
of	errors	with	3D	vision.	The	current	study	was	powered	to	detect	a	50%	reduction	in	
total	number	of	errors	(30	error	points)	with	90%	power	at	the	5%	level	of	
significance.	This	yielded	a	sample	size	of	13	participants.	In	order	that	equal	
numbers	of	participants	could	be	block	randomised	to	each	treatment	order,	the	
sample	size	was	increased	to	14	(7	participants	would	undertake	simulated	tasks	on	
the	3D	then	4K	system,	whilst	the	remaining	7	would	undertake	tasks	on	the	4K	then	
3D	system).	
	
The	trial	was	granted	ethical	approval	and	sponsorship	by	The	Royal	Surrey	County	
Hospital	Department	of	Research,	Development	&	Innovations	(Project	local	
reference:	16SURN0001,	IRAS	Project	ID:	197230).	All	of	2015-16	cohort	of	medical	
students	and	Foundation	Year	doctors	at	The	Royal	Surrey	County	Hospital	were	
invited	via	email	to	take	part	in	the	trial.	A	snowball	recruitment	strategy	for	other	
Foundation	Year	doctors	was	then	employed.	All	Consultant	General	Surgeons	and	
General	Surgery	Registrars	who	were	working	at	Royal	Surrey	County	Hospital	during	
the	study	period	(February	to	September	2017)	and	met	the	inclusion	criteria	were	
invited	to	participate.	
	
Participants	were	screened	for	eligibility	according	to	the	following	criteria:	
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	 Operative	experience:	novices	had	only	half	a	day	or	less	of	previous	
	 cumulative	experience	in	laparoscopic	skills	or	operating	(excluding	
	 assisting),	whilst	experts	had	completed	at	least	100	laparoscopic	
	 operations	independently	
	
	 Visual	acuity:	20:20	vision	as	tested	using	a	Snellen	chart	with	or	without
	 glasses	or	lenses	
	
	 Stereoacuity:	the	ability	to	perceive	passive	polarised	3D	images	correctly,	as	
	 tested		using	the	StereoTest	circles	test	(Stereo	Optical	Co.,	Inc.,	Chicago,	
	 Illinois)	
	
	 Normal	colour	vision:	participants	were	screened	for	colour	blindness	using	
	 an	online	version	of	the	Ishihara	plates	1	to	21	[132].	
	
These	visual	requirements	follow	those	of	a	previous	study	at	our	institution	[133].	
	
A	block	randomisation	plan	(randomising	participants	in	the	crossover	trial	to	either	
3D	then	4K	or	4K	then	3D)	was	created	using	an	online	tool	[134].	Allocation	was	
concealed	in	sealed	envelopes.	The	random	allocation	process	was	performed	by	an	
independent	researcher.	Written	informed	consent	was	obtained,	and	demographic	
data	were	collected.	Novice	participants	were	provided	with	information	on	
ergonomics	(in	order	to	reduce	the	risk	of	side	effects).	
	
Each	participant	was	provided	with	a	standardised	demonstration	of	the	use	of	the	
laparoscopic	instruments,	and	a	standardised	explanation	and	demonstration	of	how	
to	complete	each	task,	with	the	same	equipment	but	under	direct	vision	outside	the	
laparoscopic	box	trainer.	The	demonstration	was	a	modification	of	Peyton’s	four	
steps	[135].	First,	each	task	was	demonstrated	to	the	participant	at	full	speed,	then	
repeated	slowly	whilst	the	steps	were	explained,	and	finally	the	participant	was	
asked	to	demonstrate	the	skill.	This	method	was	chosen	over	a	pre-recorded	video	
demonstration,	as	video	would	not	give	the	3D	impression	required	to	complete	the	
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tasks.	Pilot	tests	demonstrated	the	importance	perceptually	for	novices	of	learning	
these	skills	in	3D	under	direct	vision	first	so	that	they	could	understand	how	to	
complete	the	tasks.	It	was	explained	that	each	task	would	be	marked	on	errors	
committed	and	time	to	complete.	The	predefined	errors	were	explained	to	
participants.	They	were	then	permitted	to	ask	questions	about	the	tasks	and	to	
practice	each	task	outside	the	box	trainer	until	the	task	could	be	successfully	
completed	without	prompting.	This	was	to	ensure	that	participants	understood	the	
tasks,	to	try	to	reduce	the	need	for	prompting	(and	the	introduction	of	bias)	during	
the	study.	All	of	the	above	instructions	were	reproduced	on	printed	instruction	
sheets	which	participants	were	permitted	to	refer	to	during	the	trial.	
	
Participants	were	required	to	complete	the	following	four	tasks	on	a	modified	D-box	
laparoscopic	box	trainer,	incorporating	the	high	definition,	dual	channel	passive	
polarising	Storz	3D	TIPCAM®	1	30°	(Karl	Storz	Endoscopy,	Tuttlingen,	Germany)	and	a	
prototype	4K	system	(the	design	of	which	is	described	in	Chapter	2).	RealD	3D	
glasses	(RealD,	California)	were	used. The	participants	were	positioned	at	the	
recommended	viewing	distance	for	each	screen,	at	1.5	times	the	height	of	the	4K	
screen	[136],	and	3.1	times	the	height	of	the	3D	HD	screen	[109].	Experiments	were	
performed	in	a	dark	room.	
	
To	ensure	standardisation	in	each	task,	each	piece	of	equipment	was	placed	in	a	
‘start’	position	prior	to	each	task.	An	“X”	mark	inside	the	box	trainer	indicated	the	
starting	point	for	the	instruments,	and	participants	were	not	permitted	to	move	the	
instruments	until	the	Principal	Investigator	had	started	a	stopwatch.		
	
	75	
	
Figure	2:	Rope	pass,	paper	cut,	needle	capping	and	knot	tying	laparoscopic	simulator	
tasks	
	
	
The	four	tasks	are	shown	in	Figure	2.	The	rope	pass	task	[56,94,95]	involved	passing	
a	rubber	‘rope’	between	two	Maryland	forceps	(Karl	Storz,	Tuttlingen,	Germany).	
The	rubber	was	marked	with	black	marks	at	regular	intervals	and	these	were	to	be	
grasped	alternately	by	alternating	instruments	in	a	‘hand-over-hand’	technique.	On	
the	initial	grasp,	participants	were	permitted	to	pick	up	the	rope	outside	of	these	
marks,	but	after	this	an	error	was	scored	for	each	time	any	part	of	an	instrument	was	
grasped	outside	of	the	mark.	An	error	was	also	scored	every	time	the	rope	was	
dropped	onto	the	floor	of	the	box	trainer.	The	task	was	considered	finished	and	the	
stopwatch	stopped	when	the	final	mark	was	grasped.	
	
The	paper	cut	task	[56,94,95]	involved	grasping	a	striped	piece	of	card	with	the	non-
dominant	hand	using	a	Johan	grasper	(Karl	Storz,	Tuttlingen,	Germany),	manipulating	
it	in	3D	space	and	cutting	accurately	along	each	stripe	using	laparoscopic	scissors	
(Karl	Storz,	Tuttlingen,	Germany)	in	the	dominant	hand.	A	slight	bend	was	placed	the	
in	middle	of	the	card	to	allow	it	to	be	grasped	from	the	box	trainer	floor.	Participants	
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were	instructed	to	make	a	cut	of	at	least	half	the	width	of	the	card,	and	to	cut	only	
within	the	black	stripe.	These	represented	the	errors	for	the	task	(a	maximum	of	one	
error	could	be	scored	for	each	stripe).	The	task	finished	when	the	last	cut	was	made.	
	
In	the	needle	capping	task	[56,94,95]	a	21G	hypodermic	needle	was	unsheathed	and	
was	positioned	before	the	start	of	the	task,	end-on	on	the	base	of	the	box	trainer,	
parallel	to	its	sheath.	Participants	were	instructed	to	grasp	each	with	Johan	graspers,	
manipulate	them	in	3D	space	and	securely	cap	the	sheath	on	the	needle,	at	which	
point	the	task	finished.	An	error	was	scored	every	time	an	attempted	needle	capping	
was	missed,	and	every	time	a	capping	attempt	was	made	with	either	the	needle	or	
sheath	on	the	floor	of	the	trainer	(as	the	latter	made	3D	orientation	easier).	Initially	
this	task	was	performed	with	a	21G	safety	needle,	with	the	safety	cap	removed.	
However,	pilot	tests	revealed	that	this	needle	was	very	difficult	to	grasp,	and	
frequently	fell	out	of	the	camera	view.	These	confounding	factors	greatly	increased	
the	error	rates	and	time	for	task	completion,	whilst	giving	no	reflection	of	depth	
perception.	Therefore,	for	participants	3	to	14	the	task	was	modified	to	the	above	
arrangement	and	plastic	containing	walls	were	added	to	prevent	the	needle	from	
falling	out	of	view.	
	
The	knot	task	[56,94,95]	involved	lifting	a	3-0	vicryl	tie	from	the	floor	of	the	box	
trainer,	threading	it	through	a	metal	hoop	and	tying	two	throws	of	a	reef	knot	using	
two	Maryland	graspers.	Due	to	the	long	learning	curve	for	this	task,	participants	
were	not	required	to	throw	a	square	knot	(each	throw	could	be	in	the	same	
direction).	An	error	was	scored	every	time	the	participant	attempted	to	grasp	the	tie	
but	missed	the	grasp.	The	task	finished	when	the	second	throw	was	securely	
tightened.	
	
Participants	were	asked	to	complete	each	task	ten	times	using	each	laparoscopic	
system,	in	order	to	examine	the	effect	of	each	viewing	condition	on	the	learning	
curve	and	on	final	competence.	The	learning	curve	for	these	tasks	generally	plateaus	
within	ten	repetitions	[94,95].	During	the	initial	learning	phase	(the	first	five	
repetitions),	the	Principal	Investigator	was	permitted	to	prompt	novices	in	their	
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surgical	technique	if	progress	was	not	being	made	after	seven	minutes.	This	allowed	
struggling	participants	to	achieve	task	completion	and	gain	competence	for	later	
repetitions,	thus	allowing	for	useful,	complete	data	collection	during	the	
competence	phase	(assumed	to	be	the	last	five	repetitions).	In	order	to	reduce	the	
effects	of	fatigue,	novices	were	provided	with	a	break	after	every	two	sets	of	tasks	
(this	was	not	required	for	experts).	For	novices,	the	entire	protocol	was	complete	on	
one	day.	However,	due	to	clinical	commitments,	some	expert	participants	were	
unable	to	complete	the	whole	protocol	in	one	session,	and	therefore	they	were	
permitted	to	perform	the	two	halves	of	the	crossover	trial	on	different	days.	
	
For	each	laparoscopic	system,	the	following	data	were	collected:	for	each	task,	the	
Principal	Investigator	judged	and	recorded	the	number	of	errors	committed,	and	the	
time	to	complete	each	task.	Participants	completed	side	effect	questionnaires	
(Appendix	1)	at	baseline,	halfway	(after	two	tasks)	and	at	completion	(after	all	four	
tasks).	This	involved	scoring	11	side	effect	symptoms,	each	on	a	100	mm	long	visual	
analogue	scale,	adapted	from	Sheedy	et	al.	[102].	Values	were	measured	in	
millimetres	and	summed	to	give	a	total	side	effect	score	at	each	time	point,	ranging	
from	0	to	1100.	The	NASA	Task	Load	Index	was	completed	at	halfway	and	
completion	to	determine	perceived	mental	and	physical	workload	during	tasks	
[99,100].	The	workload	comparison	cards	(Appendix	2)	act	to	weight	each	workload	
domain	with	a	weighting	of	0	to	5	(depending	on	how	many	times	it	is	selected).	This	
weighting	is	used	as	a	multiplier	for	the	scale	ratings,	which	are	scored	between	0	
and	100	(Appendix	3).	The	total	workload	score	is	the	sum	of	the	resulting	score	for	
each	domain	divided	by	15.	Similarly,	individual	domain	scores	were	divided	by	15	
for	analysis.	At	completion,	a	subjective	visual	assessment	questionnaire	was	
completed,	in	which	participants	rated	the	‘clarify	of	view’,	‘brightness’,	‘colour’,	
‘depth	quality/sense	of	depth’	and	‘overall	picture	quality’	for	each	laparoscopic	
system	on	a	Likert	scale	from	1	(bad)	to	5	(excellent)	(Appendix	4).	At	this	point,	
participants	were	also	asked	which	system	they	preferred.	
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Blinding	
	
It	was	not	possible	to	blind	participants	to	the	treatment.	Blinding	of	the	assessor	
was	not	possible	as	the	3D	and	4K	systems	produced	characteristic	images,	however	
as	the	outcomes	were	objective,	it	was	felt	that	this	was	unlikely	to	introduce	
significant	bias.	
	
	
Statistical	methods	
	
Statistical	advice	was	sought	from	statisticians	at	the	University	of	Surrey.	Data	were	
collated	in	Microsoft	Excel	for	Mac	2011	(Microsoft	Corporation,	Redmond,	
Washington)	and	statistical	analysis	was	performed	using	SPSS	Statistics	Version	22	
(IBM,	Armonk,	New	York;	2013).	A	linear	mixed	model	was	used	for	each	of	the	
analyses	presented	in	this	chapter.	Fixed	effects	were	determined	with	the	factors	
period	and	view	(treatment),	and	the	covariates	gender,	grade,	handedness,	age	(for	
novices)	and	number	of	3D	cases	performed	previously	(for	experts).	The	latter	was	
introduced	for	experts	as	it	may	affect	performance,	in	place	of	age,	which	was	
thought	to	be	unlikely	to	affect	performance	for	experts.	Period-by-treatment	
interaction	effects	were	also	calculated	in	the	statistical	model.	Unless	stated,	a	
significant	period-by-treatment	interaction	was	not	found	for	each	analysis.	A	p	
value	of	<	0.05	was	considered	to	be	statistically	significant.	Normality	of	data	was	
determined	using	the	Shapiro-Wilk	test.	Parametric	data	were	reported	as	mean	
(standard	deviation),	whilst	non	parametric	data	were	reported	as	median	
(interquartile	range).	Residuals	were	tested	for	normality,	and	where	residuals	were	
positively	skewed,	the	original	data	was	log10	transformed,	whilst	data	with	
negatively	skewed	residuals	were	reflected	and	log10	transformed.	
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Results	
	
Demographics	
	
The	demographics	of	the	participants	are	displayed	in	Table	1.	All	28	recruited	
participants	completed	the	protocol.	
	
Table	1:	Demographics	of	participants	
Demographic	 Novices	 Demographic	 Experts	
Gender	
					Male	
					Female	
	
9	(64%)	
5	(36%)	
Gender	
					Male	
					Female	
	
11	(79%)	
3	(21%)	
Grade	
					Medical	Student	
					F1	
					F2	
	
6	(43%)	
4	(29%)	
4	(29%)	
Grade	
					Registrar	
					Consultant	
	
8	(57%)	
6	(43%)	
Hand	Dominance	
					Right	
					Left	
	
14	(100%)	
0	(0%)	
Hand	Dominance	
					Right	
					Left	
	
11	(79%)	
3	(21%)	
Age	 26.5	(range	22-44)	 Number	of	3D	cases	
					None	
					1	to	9	
					10	to	19	
					20	to	49	
					50	or	more	
	
6	(43%)	
3	(21%)	
2	(14%)	
1	(7%)	
2	(14%)	
Total	 14	 Total	 14	
	
Number	of	errors	in	entire	protocol	
	
The	primary	outcome	was	the	total	number	of	errors	committed	in	the	entire	
protocol	(summation	of	errors	across	all	four	tasks	for	each	treatment,	Figure	3).	
Among	novices,	the	median	(interquartile	range,	IQR)	total	number	of	errors	was	38	
(23-44)	with	the	3D	system	and	84	(72-99)	with	the	4K	system	(p	<	0.05).	For	experts	
these	values	were	19	(13-32)	versus	40	(32-62)	respectively	(p	<	0.05).
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Figure	3:	Total	number	of	errors	in	the	protocol,	3D	vs	4K	
Circles	represent	values	between	1.5	and	3	times	the	interquartile	range	
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Total	time	to	complete	the	entire	protocol	
	
For	the	secondary	outcome	of	total	time	to	complete	the	entire	protocol	(Figure	4),	the	median	
(IQR)	for	novices	was	4435	(3169-5684)	seconds	with	the	3D	system	compared	to	8463	(7167-
10698)	seconds	with	the	4K	system	(p	<	0.05).	Among	experts,	the	time	to	complete	was	1792	
(1595-2088)	seconds	for	the	3D	system	versus	3058	(2422-3673)	seconds	for	the	4K	system	(p	<	
0.05).	
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Figure	4:	Total	time	to	complete	the	protocol,	3D	vs	4K	
Circles	represent	values	between	1.5	and	3	times	the	interquartile	range.	Note	differing	y-axis	scales	
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Individual	skills	–	error	and	time	performance	at	the	end	of	the	
learning	curve	
	
The	above	statistics	illustrate	performance	throughout	the	entirety	of	the	protocol.	
However,	as	recognised	in	previous	studies	[94,95],	summation	of	errors	over	the	
entire	protocol	may	be	misleading,	as	(particularly	for	novices)	tasks	may	take	some	
time	to	learn,	regardless	of	viewing	condition.	For	example,	novices	must	devise	
efficient	techniques	to	complete	the	tasks	successfully.	Therefore	performance	
should	be	considered	after	the	achievement	of	competence.	This	is	accomplished	by	
considering	only	the	last	5	repetitions	of	each	task	under	each	viewing	condition	
[94,95].	In	order	to	explore	the	effect	of	viewing	condition	on	performance	in	each	
task	at	the	end	of	the	learning	curve,	for	each	individual	the	median	was	taken	of	the	
numbers	of	errors	committed	during	the	last	5	repetitions	of	each	task	under	each	
viewing	condition.	The	same	process	was	carried	out	for	time	data,	to	produce	the	
time	and	errors	‘in	a	single	repetition	at	the	plateau	of	the	learning	curve’	for	each	
individual,	as	in	the	literature	[94,95].	The	medians	and	IQRs	of	these	data	across	all	
individuals,	and	the	corresponding	p	values	for	3D	versus	4K,	are	presented	in	Tables	
2	and	3.	
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Table	2:	Number	of	errors	committed	in	a	single	repetition	at	plateau	of	learning	
curve,	3D	vs	4K	
Novices:	
	
3D	 4K	 p	value:	
Med:	 IQR:	 Med:	 IQR:	
Number	of	
errors	in	
single	
repetition	
Rope	pass	 0.5	 0.0-1.0	 1.5	 1.0-2.0	 <	0.05	
Paper	cut	 1.0	 1.0-2.0	 1.0	 1.0-2.0	 0.53	
Needle	capping	 0.0	 0.0-0.0	 1.0	 1.0-3.0	 <	0.05	
Knot	tying	 1.0	 0.0-1.0	 2.0	 1.0-3.0	 <	0.05	
	
Experts:	
	
	
3D	 4K	 p	value:	
Med:	 IQR:	 Med:	 IQR:	
Number	of	
errors	in	
single	
repetition	
Rope	pass	 0.0	 0.0-1.00	 1.00	 0.0-2.0	 0.11	
Paper	cut	 1.0	 0.0-1.00	 1.00	 0.0-1.0	 0.79	
Needle	capping	 0.0	 0.0-0.0	 0.00	 0.0-1.0	 0.17	
Knot	tying	 0.0	 0.0-0.0	 1.00	 0.0-1.0	 <	0.05	
Med	=	median,	IQR	=	interquartile	range	
	
Table	3:	Time	to	complete	a	single	repetition	at	plateau	of	learning	curve,	3D	vs	4K	
Novices:	
		
3D	 4K	 p	value:	
Med:	 IQR:	 Med:	 IQR:	
Seconds	
to	
complete	
single	
repetition	
Rope	pass	 120	 90-129	 165	 148-186	 <	0.05	
Paper	cut	 85	 64-116	 111	 68-172	 0.24	
Needle	capping	 25	 21-40	 58	 36-98	 <	0.05	
Knot	tying	 143	 133-183	 275	 235-366	 <	0.05	
	
Experts:	
		
3D	 4K	 p	value:	
Med:	 IQR:	 Med:	 IQR:	
Seconds	
to	
complete	
single	
repetition	
Rope	pass	 51	 44-59	 80	 75-93	 <	0.05*	
Paper	cut	 31	 28-43	 46	 35-66	 <	0.05	
Needle	capping	 13	 9-15	 21	 14-28	 <	0.05	
Knot	tying	 68	 47-89	 94	 83-135	 <	0.05	
Med	=	median,	IQR	=	interquartile	range.	*Analysis	revealed	a	significant	period-by-
treatment	effect,	and	therefore	results	should	be	interpreted	with	caution.	
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Among	novices,	time	and	error	performance	was	better	when	using	the	3D	system	
for	the	rope	pass,	needle	capping	and	knot	tying	tasks.	For	experts,	all	tasks	were	
completed	significantly	quicker	using	the	3D	system	(although	the	rope	pass	task	
showed	a	significant	period-by-treatment	effect	for	time	data,	and	therefore	strong	
conclusions	cannot	be	drawn	from	this).	Error	performance	was	better	with	3D	
among	experts	only	for	the	knot	tying	task.	All	other	data	showed	no	difference	
between	3D	and	4K,	with	no	data	showing	superior	performance	with	4K.		
	
	
Learning	curves	for	individual	tasks	
	
As	in	a	previous	study	from	our	institution	[95],	learning	curves	were	plotted	for	the	
median	time	that	it	took	participants	to	complete	each	repetition.	This	was	only	
possible	for	time	data,	as	the	relatively	low	number	of	errors	in	the	trial	meant	that	a	
learning	curve	could	not	be	demonstrated	for	errors.		
	
These	curves	are	presented	in	Figures	5a-d.	For	all	tasks,	the	3D	‘curves’	were	
displaced	downwards	on	the	y-axis	when	compared	to	4K,	highlighting	the	
improvement	in	performance	with	this	system,	and	the	potential	for	surgeons	to	
reach	competence	more	quicker	when	using	3D.	All	‘curves’	(with	the	exception	of	
4K	novice	knot	tying)	were	generally	linear	for	novices	and	experts,	showing	a	steady	
improvement	in	performance	with	repetition	rather	than	a	true	learning	curve.	The	
lines	were	roughly	parallel	(with	the	same	exception)	suggesting	that	3D	did	not	
speed	up	the	rate	of	performance	improvement	(within	the	ten	repetitions	
performed),	but	rather	it	provided	a	consistent	improvement	in	performance	that	
could	not	be	overcome	with	experience	(either	through	repeated	repetitions,	or	the	
extensive	surgical	experience	of	expert	surgeons).	Finally,	the	confidence	intervals	
were	narrower	for	the	3D	learning	curves,	suggesting	greater	consistency	between	
participants	in	performance	with	this	system.
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Figure	5a:	Rope	pass	–	learning	curve	for	time	to	complete	each	repetition,	3D	vs	4K	–	Error	bars	represent	95%	confidence	intervals.	Note	differing	y-
axis	scales	 	
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Figure	5b:	Paper	cut	–	learning	curve	for	time	to	complete	each	repetition,	3D	vs	4K	–	Error	bars	represent	95%	confidence	intervals.	Note	differing	y-
axis	scales	
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Figure	5c:	Needle	capping	–	learning	curve	for	time	to	complete	each	repetition,	3D	vs	4K	–	Error	bars	represent	95%	confidence	intervals.	Note	
differing	y-axis	scales	 	
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Figure	5d:	Knot	tying	–	learning	curve	for	time	to	complete	each	repetition,	3D	vs	4K	–	Error	bars	represent	95%	confidence	intervals.	Note	differing	y-
axis	scales
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Visual	assessment	of	laparoscopic	systems	
	
Subjective	visual	assessment	scores	are	presented	in	Table	4.	Both	novices	and	
experts	rated	3D	as	superior	in	terms	of	depth	perception	and	overall	visual	
assessment	score,	and	all	participants	indicated	a	preference	for	the	3D	over	the	4K	
system.	Participants	reported	the	importance	of	binocular	depth	perception	in	this	
preference,	but	also	felt	that	the	4K	system	was	limited	due	to	a	poor	depth	of	field	
(a	limitation	identified	in	Chapter	2),	with	experts	rating	the	4K	system	as	having	a	
lower	clarity.	Experts	rated	the	3D	as	superior	in	more	domains,	and	with	stronger	
significance.	The	4K	system	was	rated	as	superior	in	terms	of	brightness	by	novices,	
but	inferior	by	experts.	Novices	rated	4K	higher	in	colour	representation.	
	
Table	4:	Visual	assessment	scores,	3D	versus	4K	
	 	
3D	 4K	 		
	 	
Med:	 IQR:	 Med:	 IQR:	 p	value	
Visual	Assessment	Score:	 		 	 		 	 		
Novices	
Clarity	score	 4.00	 3.00-5.00	 4.00	 3.00-5.00	 0.52	
Brightness	
score	
4.00	 4.00-4.00	 5.00	 4.00-5.00	 <	0.05	
Colour	score	 4.00	 3.00-4.00	 4.00	 4.00-5.00	 <	0.05	
Depth	
perception	
score	
5.00	 4.00-5.00	 2.00	 1.00-2.00	 <	0.05	
Overall	visual	
assessment	
score	
4.00	 3.00-5.00	 3.00	 3.00-4.00	 <	0.05	
	 	 	 	 	 	 	
Experts	
Clarity	score	 5.00	 4.00-5.00	 2.50	 2.00-4.00	 <	0.05	
Brightness	
score	
4.75	 4.00-5.00	 4.00	 4.00-4.00	 <	0.05	
Colour	score	 4.50	 4.00-5.00	 4.00	 4.00-5.00	 0.23	
Depth	
perception	
score	
5.00	 4.50-5.00	 2.00	 1.00-2.50	 <	0.05	
Overall	visual	
assessment	
score	
4.75	 4.50-5.00	 3.00	 3.00-4.00	 <	0.05	
Med	=	median,	IQR	=	interquartile	range	
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Workload	index	scores	
	
Total	workload	scores	were	significantly	lower	for	3D	compared	to	4K	at	the	halfway	
point	(after	the	rope	pass	and	paper	cut	tasks)	and	at	completion	(after	the	needle	
capping	and	knot	tying	tasks)	for	both	novices	and	experts.	However,	when	the	
workload	scores	were	analysed	by	each	domain,	the	only	significant	differences	
between	3D	and	4K	were	in	the	effort	and	frustration	domains	(Tables	5	and	6).	
	
Table	5:	Total	workload	index	scores	at	halfway	and	completion,	3D	versus	4K	
	 	
3D	 4K	 		
	 	
Med:	 IQR:	 Med:	 IQR:	 p	value	
Workload	Score:	 		 	 		 	 		
After	rope	pass	and	
paper	cut	
Novices	 39.5	 27.7-60.7	 55.3	 50.7-65.0	 <	0.05	
Experts	 29.7	 20.0-50.0	 44.3	 28.0-55.3	 <	0.05	
	
		 	 	 	 	 	
After	needle	capping	
and	knot	tying	
Novices	 55.3	 41.3-61.3	 75.7	 72.7-80.3	 <	0.05	
Experts	 44.5	 15.7-52.7	 61.7	 50.7-70.7	 <	0.05	
Med	=	median,	IQR	=	interquartile	range.	
	
Table	6:	Workload	scores	by	domain	–	Novices	
	 	
3D	 4K	 		
	 	
Med:	 IQR:	 Med:	 IQR:	 p	value	
Workload	Score:	 		 	 		 	 		
After	rope	
pass	and	
paper	cut	
Mental	 4.0	 1.7-8.0	 3.7	 0.3-11.0	 0.19	
Physical	 2.3	 0.0-9.3	 3.7	 0.0-8.7	 0.84	
Temporal	 5.7	 2.0-12.0	 1.8	 0.0-9.3	 0.29	
Performance	 6.7	 4.0-13.3	 13.3	 8.0-16.0	 0.27	
Effort	 4.8	 3.0-10.7	 11.0	 5.0-16.0	 0.10	
Frustration*	 2.2	 0.7-18.7	 12.0	 9.3-15.0	 <	0.05	
		 		 		 	 		 	 		
After	
needle	
capping	
and	knot	
tying	
Mental	 6.7	 4.0-10.7	 7.5	 3.3-18.0	 0.17	
Physical	 6.0	 0.0-12.0	 6.8	 0.0-17.3	 0.42	
Temporal	 8.0	 0.0-10.7	 2.3	 0.0-9.3	 0.56	
Performance	 6.3	 3.7-18.3	 8.7	 5.3-14.0	 0.89	
Effort	 8.0	 5.3-16.0	 17.5	 12.0-20.0	 <	0.05	
Frustration*	 5.5	 0.0-15.0	 21.3	 18.0-26.7	 <	0.05	
*	Scores	demonstrated	a	significant	period-by-treatment	interaction,	and	therefore	
should	be	interpreted	with	caution.	Med	=	median,	IQR	=	interquartile	range	
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Table	7:	Workload	scores	by	domain	–	Experts	
	
	 	
3D	 4K	 		
	 	
Med:	 IQR:	 Med:	 IQR:	 p	value	
Workload	Score:	 		 	 		 	 		
After	rope	
pass	and	
paper	cut	
Mental	 3.3	 0.0-6.7	 4.0	 2.7-8.0	 0.42	
Physical	 0.5	 0.0-2.7	 0.7	 0.0-1.7	 0.68	
Temporal	 6.0	 2.7-6.7	 3.7	 2.0-10.0	 0.85	
Performance	 10.0	 5.3-13.3	 10.8	 6.7-16.7	 0.32	
Effort	 2.8	 2.0-7.3	 6.7	 4.7-10.0	 0.07	
Frustration	 0.8	 0.0-3.3	 8.7	 0.0-10.7	 <	0.05	
		 		 	 	 	 	 	
After	
needle	
capping	
and	knot	
tying	
Mental	 4.3	 1.0-6.7	 6.0	 2.0-10.7	 0.33	
Physical	 0.8	 0.0-2.7	 2.7	 0.0-6.7	 0.11	
Temporal	 7.0	 1.3-16.7	 8.0	 3.3-13.0	 0.72	
Performance	 9.0	 6.7-12.0	 8.7	 3.3-15.0	 0.92	
Effort	 5.7	 3.3-9.3	 14.0	 6.0-16.0	 <	0.05	
Frustration	 1.3	 0.0-10.0	 16.7	 2.7-26.7	 <	0.05	
Med	=	median,	IQR	=	interquartile	range
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Side	effects	scores	
	
The	side	effect	sores	at	halfway	and	at	the	end	of	the	3D	and	4K	protocols	are	presented	in	Table	8.	There	were	no	differences	between	side	
effects	among	the	3D	and	4K	group	at	baseline,	halfway	or	completion,	for	both	novices	and	experts.	The	data	for	novices	showed	a	significant	
period-by-treatment	interaction	at	halfway	and	completion,	and	therefore	these	data	should	be	interpreted	with	caution.	In	both	of	these	
cases,	side	effect	scores	were	greater	for	both	3D	and	4K	when	3D	was	used	in	the	first	period.	
	
	
Table	8:	Side	effect	scores	
	
		 Baseline	
p	
value	
After	rope	pass	and	paper	cut	
p	
value	
After	needle	capping	and	knot	tying	
p	
value	
		 3D	 4K	 3D	 4K	 3D	 4K	
		 Med	 IQR	 Med	 IQR	 Med	 IQR	 Med	 IQR	 Med	 IQR	 Med	 IQR	
		 		 		 		 		 		 		 		 		 		 		 		 		 		 		 		
Novices	 0.0	 0.0-0.0	 0.0	 0.0-7.0	 0.93	 9.5	 0.0-29.0	 9.0	 0.0-50.0	 0.46*	 38.0	 6.0-75.0	 38.5	 0.0-125.0	 0.26*	
Experts	 6.5	 0.0-35.0	 0.0	 0.0-25.0	 0.69	 0.0	 0.0-75.0	 0.0	 0.0-100.0	 1.00	 0.0	 0.0-56.0	 12.5	 0.0-100.0	 0.65	
	
*	Data	demonstrated	a	significant	period-by-treatment	interaction,	and	therefore	results	should	be	interpreted	with	caution.	Med	=	median,	
IQR	=	interquartile	range.	
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Discussion		
This	study	has	shown	that	a	binocular	3D	laparoscopic	system	improves	surgical	time	
and	error	performance	among	novices	and	experts	in	laparoscopic	simulator	depth	
perception	tasks	when	compared	to	a	4K	ultra	high	definition	prototype	system.	
	
Three-dimensional	imaging	was	associated	with	improvements	throughout	the	
learning	curve	for	both	novices	and	experts.	A	3D	system	reduced	workload	among	
novices	and	experts,	and	was	not	associated	with	more	frequent	side	effects,	when	
compared	to	a	prototype	4K	system.	
	
A	recent	systematic	review	examined	the	benefits	of	3D	versus	2D	(SD/HD)	imaging,	
including	28	simulator	studies	[36].	Among	studies	that	included	novice	surgeons,	
twelve	studies	showed	no	difference	in	task	completion	time	[137–148],	whilst	four	
studies	similarly	showed	no	difference	in	error	rates	between	2D	and	3D	systems	
[141,145,148,149].	However,	a	further	eleven	studies	concluded	that	3D	improves	
performance	time	when	compared	to	2D	[95,149–158],	whilst	error	rates	were	
reduced	in	nine	studies	[95,137,138,151–154,158,159].	In	studies	that	included	
expert	surgeons	in	their	comparison	of	2D	and	3D	systems,	no	differences	in	task	
completion	time	was	demonstrated	in	three	studies	[139,140,147],	with	no	
difference	being	detected	in	error	rates	in	one	study	[154].	Conversely,	seven	papers	
reported	improved	task	completion	time	with	3D	systems	
[56,142,150,151,154,157,158],	whilst	five	studies	showed	a	reduction	in	errors	with	
3D	[56,138,142,151,158].	Supporting	the	findings	of	the	current	study,	no	papers	
showed	improved	time	or	error	rates	with	2D	when	compared	to	3D	[36].	However,	
several	of	the	above	trials	conflict	with	the	results	of	the	current	study.	This	may	
reflect	the	difference	between	research	conducted	with	older	(weaker	stereoscopic	
effect)	and	newer	(stronger	effect)	3D	imaging	systems	[35,36].	The	current	study	
used	a	newer	3D	system.	
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Only	two	previous	studies	have	investigated	the	effect	of	4K	imaging	in	laparoscopic	
skills,	with	contrasting	results.	Harada	et	al.	performed	a	three	armed	trial	
comparing	an	Olympus	3D	system	(set	to	2D	HD	in	one	arm,	and	set	to	3D	in	the	
second	arm)	to	the	Olympus	VISERA	4K	UHD	(the	third	arm)	among	expert	surgeons	
[60].	The	authors	found	that,	for	knotting	and	suturing	tasks	performed	in	a	narrow	
space,	there	was	no	difference	in	operative	time	between	4K	and	3D.	Conversely,	3D	
outperformed	4K	with	regards	to	time	when	suturing	in	a	wider	space	and	in	the	
protocol	as	a	whole.	3D	also	yielded	fewer	errors	during	knotting	in	a	narrow	space	
and	in	the	entire	protocol.	Nonetheless,	the	authors	concluded	that,	in	narrow	
spaces,	in	which	monocular	depth	perception	cues	such	as	shadowing	are	greater	
(such	as	during	certain	intra-abdominal	operations),	the	depth	perception	provided	
by	4K	could	match	that	of	3D.	More	research	is	required	to	explore	this	claim.	
Methodological	differences	may	explain	the	difference	between	Harada	et	al.’s	
results	and	our	own.	The	current	study	did	not	involve	tasks	in	narrow	spaces.	
Furthermore,	Harada	et	al.’s	study	is	the	only	4K	study	to	employ	a	commercially	
available	4K	system,	and	to	compare	endoscopic	systems	from	the	same	
manufacturer.	However,	Harada	et	al.’s	research	involved	a	small	sample	size,	and	
only	five	repetitions	of	each	task	were	undertaken.	
	
Abdelrahman	et	al.	were	the	second	group	to	compare	3D	and	4K.	As	in	the	current	
study,	they	did	not	have	access	to	a	4K	laparoscopic	system,	and	therefore	used	a	
UHD	camcorder	[61].	However,	they	compared	this	to	a	2D	HD/3D	camcorder,	which	
induced	notable	side	effects	in	the	participants	in	3D	mode,	and	may	have	
introduced	bias	into	the	study.	The	study	involved	novices	in	small	samples.	This	
group	found	that	error	rates	for	a	suturing	task	were	lower	with	4K	imaging	than	
with	3D	(although	there	was	no	difference	in	a	peg	transfer	task).	There	were	no	
differences	in	time	outcomes	between	3D	and	4K.	It	was	concluded	that	depth	
perception	with	UHD	was	superior	to	3D,	albeit	with	the	bias	of	side	effects	in	the	3D	
group.	The	benefits	of	UHD	were	seen	in	the	more	complex	suturing	tasks.	The	bias	
related	to	side	effects,	systems	used,	and	the	small	sample	sizes,	may	explain	the	
contrast	with	our	results.	
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The	current	study	is	the	largest	3D	versus	4K	study	to	date,	and	involved	more	tasks	
than	the	two	previous	studies.	There	were	fewer	than	half	the	number	of	errors	in	
the	3D	group	than	the	4K	group	for	both	novices	and	experts,	indicating	that	the	
study	was	well	powered	to	detect	the	measured	differences	in	performance.		It	
supports	findings	from	the	3D	versus	2D	HD	literature	that	3D	imaging	reduces	the	
time	to	complete	a	series	of	four	laparoscopic	simulator	tasks,	and	the	number	of	
errors	committed	during	this	protocol.	This	benefit	was	also	seen	in	most	individual	
tasks,	and	where	this	was	not	observed,	this	may	be	because	the	sample	sizes	were	
too	small	to	detect	a	difference.	For	example,	among	experts	only	one	task	
demonstrated	a	difference	in	errors	between	3D	and	4K,	and	this	may	reflect	the	low	
number	of	errors	committed	by	experts	on	both	systems.	However,	unlike	the	
existing	4K	studies,	4K	was	not	found	to	be	superior	to	3D	in	any	time	or	error	
outcomes.	This	may	be	as	the	current	study	did	not	study	tasks	in	narrow	spaces,	
and	because	the	prototype	4K	system	was	limited	by	a	narrow	depth	of	field.	
	
Previous	studies	have	referred	to	the	effect	that	3D	may	have	on	the	laparoscopic	
learning	curve	[160,161],	however	only	a	few	have	plotted	learning	curves	[95,162–
164],	and	none	have	done	so	of	experts.	In	the	current	study,	three	important	
observations	can	be	made	about	the	learning	curves:	3D	is	superior	to	4K	throughout	
the	learning	curve,	the	learning	curves	for	4K	and	3D	are	generally	parallel	(except	
for	the	early	4K	learning	curve	which	is	often	steeper),	and	the	variances	are	less	for	
3D	than	for	4K.	These	observations	match	learning	curves	that	have	previously	been	
published	among	novices	for	3D	versus	2D	HD	[95,162–164].	However,	for	the	first	
time	this	study	demonstrates	that	3D	has	a	similar	effect	on	the	learning	curve	of	
experts,	and	when	compared	to	4K	systems.	
	
Two	important	conclusions	can	be	drawn.	Firstly,	the	near	parallel	learning	curves	
suggest	that	3D	provides	a	fixed	advantage	by	restoring	binocular	depth	perception.	
This	fixed	benefit	could	not	be	overcome	by	practice	with	the	4K	system,	at	least	
within	the	10	repetitions	performed	here.	Secondly,	3D	appears	to	reduce	the	
variability	between	surgeons,	and	may	help	weaker	trainees	to	reach	the	
competence.	This	has	been	noted	previously	[163],	and	should	be	explored	in	future	
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research.	The	potential	benefits	of	3D	in	surgical	training	have	already	been	
highlighted,	including	safer	operative	performance	and	reduced	training	time	
[36,95].	Indeed	it	has	been	suggested	that	by	training	first	with	3D	vision,	and	then	
transferring	to	a	2D	HD	system,	surgeons	become	proficient	in	laparoscopic	tasks	in	
a	shorter	time	[160,163],	although	others	argue	that	error	rates	increase	after	this	
switch	[162].	Furthermore,	the	variance	in	the	2D	HD	performance	between	
participants	was	reduced	[163].	These	observations	are	interesting,	as	they	suggest	
that,	in	addition	to	the	fixed	benefit	described	above,	training	in	3D	also	allows	
visuospatial	and/or	motor	skills	to	be	developed.	This	may	help	to	maximise	training	
in	the	context	of	reducing	working	and	training	hours	[163].	However,	the	lack	of	
period-by-treatment	effects	in	the	current	study	suggest	that	this	may	not	be	the	
case	(a	period-by-treatment	effect	would	have	been	expected	to	arise	if	using	the	3D	
system	in	the	first	period	improved	performance	when	using	the	4K	system	in	the	
second	period).	This	would	suggest	that	trainees	should	use	3D	systems	throughout	
their	training.	Finally,	the	author	is	not	aware	of	any	studies	that	show	that	3D	
simulator	training	improves	performance	or	outcomes	in	the	operating	theatre,	
however	limited	evidence	exists	that	this	is	the	case	for	2D	HD	simulator	training;	
more	research	is	required	[165].	
	
There	are	conflicting	results	in	the	literature	regarding	the	effect	of	3D	imaging	on	
NASA	Task	Load	Index	workload	scores.	As	in	our	study,	several	papers	reported	
reduced	overall	workload	scores	[56,98,166–168],	whilst	other	groups	showed	no	
difference	when	comparing	3D	and	2D	HD	imaging	[150,169],	including	in	a	clinical	
setting	[170].	The	reduced	depth	perception	of	the	4K	prototype	used	in	the	current	
study	may	have	disadvantaged	it	compared	to	the	3D	system.	However,	none	of	the	
studies	reported	that	overall	workload	scores	were	worse	with	3D	imaging,	
supporting	our	results.	
	
Two	studies	reported	workload	scores	by	domain	[56,168],	both	of	which	showed	
benefits	in	the	physical,	effort	and	frustration	domains	with	3D.	Gómez-Gómez	et	al.	
showed	an	improvement	in	the	temporal	domain	[168],	whilst	Smith	et	al.	reported	
a	benefit	in	the	performance	domain	[56].	Neither	study	reported	a	difference	in	the	
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mental	domain.	In	Gómez-Gómez	et	al.’s	study	the	performance	domain	was	scored	
worse	with	3D	imaging	[168].	In	the	current	study,	whilst	total	workload	scores	were	
reduced	with	3D	imaging,	reductions	were	only	seen	in	the	effort	and	frustration	
domains,	although	even	these	results	were	inconsistent.	This	may	be	because	the	
study	size	was	not	large	enough	to	detect	differences	in	individual	domains.	In	
addition,	novice	frustration	data	are	limited	by	the	presence	of	a	significant	period-
by-treatment	effect.	Sakata	et	al.	[98]	suggested	that	the	need	to	extract	depth	
information	from	monoscopic	cues	increased	the	workload	associated	with	tasks	
when	working	in	2D	HD.	It	seems	likely	that	high	workload	may	lead	to	fatigue	
and/or	intraoperative	errors,	with	a	potential	impact	on	surgical	outcomes.	
However,	more	research	is	needed	in	this	area.	
	
Of	the	studies	in	Sorensen	et	al.’s	systematic	review	[36]	that	documented	side	
effects,	six	studies	reported	side	effects	with	the	3D	system	
[137,139,140,147,148,154],	whilst	five	studies	reported	no	side	effects	
[144,146,152,156,157].	However	on	the	whole	studies	using	newer	3D	systems	did	
not	report	on	side	effects,	in	agreement	with	our	results,	suggesting	that	these	
findings	may	be	outdated.	In	the	current	study,	no	difference	in	side	effects	was	
seen	between	the	3D	and	4K	systems	among	experts.	The	total	side	effect	scores	
were	low	for	both	systems.	This	suggests	that	both	systems	are	safe	and	well	
tolerated.	Whilst	no	difference	was	observed	between	3D	and	4K	for	novice	side	
effect	scores,	conclusions	cannot	be	drawn,	as	significant	period-by-treatment	
interactions	were	found.	
	
Regarding	the	subjective	visual	assessment,	the	higher	score	for	the	4K	system	for	
colour	(among	novices)	is	not	surprising.	The	4K	prototype	utilised	a	much	larger	
photographic	lens	and	camera	sensor,	with	a	4K	resolution,	the	manufacturer	
proposing	that	this	allows	more	light	to	be	captured,	reducing	colour	loss	[171].	
Colour	and	contrast	are	important	qualities	of	the	laparoscopic	image	that	may	
contribute	to	monocular	depth	perception	cues	[44].	The	3D	system	was	limited	by	
size,	and	furthermore	was	a	first	generation	system	employing	much	older	
technology.	The	4K	system	was	also	proposed	to	give	greater	clarity	[171],	however	
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the	experts	scored	this	as	significantly	lower	than	the	3D	due	to	4K	system’s	
relatively	poor	depth	of	field.	Furthermore,	some	participants	reported	experiencing	
difficultly	during	the	tasks	due	to	this.	As	explained	in	Chapter	2,	it	was	not	possible	
to	obtain	a	lens	that	mimicked	the	properties	of	the	VISERA	4K	UHD	system	without	
compromising	the	depth	of	field.	Unsurprisingly,	the	3D	system	was	awarded	a	
higher	score	for	depth	perception,	and	the	perceived	benefit	of	stereopsis	was	so	
great	that	all	participants	expressed	a	preference	for	the	3D	system,	and	awarded	it	
a	higher	overall	visual	assessment	score.	This	suggests	that	for	novice	and	expert	
surgeons	depth	perception	is	more	important	than	high	resolution	or	other	visual	
properties.	
	
	
Limitations	
	
This	experiment	is	limited	by	being	a	single	observer,	non-blinded	crossover	study,	
which	utilised	a	non-validated	4K	prototype,	with	evidence	of	carry	over	effects	in	a	
minority	of	outcome	measures.	
	
Previous	studies	in	the	field	were	similarly	non-blinded	[56,94,95].	It	was	not	feasible	
to	recruit	a	second	researcher	to	validate	the	data	in	this	study.	The	objective	nature	
of	the	outcome	measures	aimed	to	reduce	the	bias	associated	with	this.	However,	in	
future	studies,	tasks	should	be	video	recorded	and	assessed	blinded	by	a	different	
researcher.	
	
The	study	involved	a	non-validated	4K	prototype,	rather	than	a	commercially	
available	endoscopic	system,	and	this	system	was	limited	by	a	poor	depth	of	field,	as	
demonstrated	in	Chapter	2.	Participants	were	advised	to	keep	their	instruments	
within	this	depth	of	field	during	the	simulator	tasks,	however	they	found	this	to	be	
difficult,	and	felt	that	the	poor	depth	of	field	affected	their	performance.	This	is	
likely	to	have	caused	bias	against	the	4K	system,	and	underestimated	its	effects.	
However,	the	results	here	support	those	of	Harada	et	al.,	who	used	the	Olympus	
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VISERA	4K	UHD	system	[60].	All	future	studies	should	utilise	commercial	systems,	
which	are	now	more	easily	procured.	
	
The	presence	of	period-by-treatment	effects	for	some	outcomes	suggests	that	there	
was	not	an	adequate	washout	period.	This	is	a	limitation	of	the	crossover	trial	
design.	Subsequent	trials	should	either	incorporate	longer	washout	periods,	or	adopt	
a	randomised	controlled	trial	design.	
	
The	tasks	selected	for	this	study	were	chosen	to	specifically	test	depth	perception	
and	motor	skills,	rather	than	resolution.	This	is	likely	to	give	the	3D	system	an	
advantage,	and	may	explain	the	superior	performance	of	3D.	However,	4K	systems	
may	convey	benefits	related	to	ultra	high	resolution	imaging,	such	as	improved	
anatomical	discrimination	[58],	which	may	improve	performance	during	surgical	
dissection.	The	results	of	this	study	are	therefore	applicable	only	to	tasks	that	rely	
heavily	on	depth	perception.	This	fact,	combined	with	the	limited	depth	of	field	of	
the	4K	prototype,	mean	that	strong	conclusions	about	3D	versus	4K	systems	cannot	
be	made.	
	
The	learning	curves	in	the	current	study	did	not	demonstrate	a	plateau.	The	
conclusions	above	assume	that	4K	performance	would	not	slowly	improve	during	the	
plateau	period	of	the	learning	curve	to	match	that	of	3D.	
	
A	lack	of	participant	familiarisation	with	the	rating	scales	used	in	this	study	may	also	
have	affected	the	results,	and	future	studies	should	incorporate	practise	exercises	to	
improve	consistency	in	reporting	on	these	rating	scales	[109].	
	
A	further	criticism	of	both	the	simulator	and	clinical	trials	in	this	thesis	is	the	lack	of	a	
2D	HD	intervention	arm.	This	would	allow	the	benefit	of	4K	over	2D	HD	to	be	
examined.	However,	this	was	not	feasible	owing	to	time	limitations	in	participant	
recruitment.	This	should	be	explored	in	future	work.	
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Conclusions	
	
This	study	suggests	that	the	binocular	depth	perception	of	3D	HD	imaging	provides	
benefits	in	simulated	depth	perception	tasks	among	novices	and	experts,	when	
compared	to	the	monocular	depth	perception	of	4K	imaging.	However,	it	was	not	
possible	to	obtain	a	commercial	4K	system	for	this	study,	and	therefore	the	trial	
involved	a	non-validated	prototype	4K	system	with	a	narrow	depth	of	field.	
Furthermore,	these	results	are	applicable	specifically	to	depth	perception	tasks.	
Strong	conclusions	therefore	cannot	be	drawn.	High	quality	randomised	simulator	
trials	involving	commercially	available	4K	systems	are	required.	Future	studies	
should	involve	a	large	number	of	repetitions	(to	examine	the	extent	of	the	learning	
curve),	and	a	range	of	simulator	tasks,	including	tasks	in	which	monocular	cues	are	
prominent	and	tasks	that	test	anatomical	discrimination.	
	
Currently	no	studies	have	examined	the	benefits	of	4K	imaging	in	the	clinical	setting.	
The	following	chapter	will	explore	whether	there	is	a	difference	in	surgical	
performance	between	3D	and	4K	imaging	in	the	operating	theatre.	
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Chapter	4	–	A	randomised	controlled	trial	to	determine	
whether	a	3D	laparoscopic	system	improves	surgeons’	
performance	during	laparoscopic	cholecystectomy	
when	compared	to	an	ultra	high	definition	(4K)	
laparoscopic	system	
	
	
Methods			
Primary	and	secondary	outcomes	
	
Primary:	
	
The	time	to	complete	laparoscopic	cholecystectomy,	from	beginning	of	exposure	of	
gallbladder	to	complete	separation	from	the	liver	(excluding	on	table	
cholangiogram).	
	
Secondary:	
	
a) Surgical	error	score,	as	assessed	using	the	technical	skills	checklist	[88]	
b) The	incidence	of	individual	errors,	as	defined	in	the	technical	skills	checklist	
c) Complications	and	reattendances	at	30	days	post-operatively	
	
	
Study	design	
	
The	design	and	methodology	of	this	randomised	controlled	trial	followed	that	of	a	
previous	ethically	approved	randomised	controlled	study	that	was	conducted	at	our	
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institution	comparing	two	different	laparoscopic	systems	[90].	In	the	current	study,	a	
4K	and	a	3D	laparoscopic	system	were	compared.	
	
The	primary	outcome	was	the	time	to	complete	laparoscopic	cholecystectomy.	
Laparoscopic	cholecystectomy	was	chosen	as	it	is	a	large	volume	elective	operation	
[88],	allowing	for	relatively	large	sample	sizes	to	be	achieved.	Operative	speed	is	
related	to	economy	of	movement	[78].	It	has	been	suggested	that	3D	HD	passive	
polarising	systems	improve	economy	of	movement	when	compared	to	2D	HD	
[56,60]	and	4K	systems	[60]	among	expert	surgeons.	This	is	a	result	of	improved	
depth	perception.	Time	was	chosen	as	the	primary	endpoint	in	this	study	as	a	proxy	
to	economy	of	movement	resulting	from	depth	perception.	Sufficient	data	on	
technical	skills	checklist	scores	were	not	available	on	which	to	power	the	study	for	
errors.	As	described	in	Chapter	1,	this	was	felt	to	be	the	most	feasible	error	scoring	
system.	Furthermore,	this	study	aimed	to	produce	results	that	could	be	compared	
with	the	previous	randomised	controlled	trial	at	our	centre	[90],	which	used	time	as	
the	primary	outcome.	The	secondary	outcome	was	the	surgical	error	score	according	
to	Sarker	et	al.’s	technical	skills	checklist	[88].	As	discussed	in	Chapter	1,	the	
strengths	of	this	tool	are	its	face	validity,	ease	of	use	and	the	high	inter-rater	
reliability	without	the	need	for	extensive	training.	
	
The	trial	was	granted	sponsorship	by	The	Royal	Surrey	County	Hospital	Department	
of	Research,	Development	&	Innovations.	Ethical	approval	was	granted	by	the	Health	
Research	Authority	(HRA)	and	the	Oxford	B	REC	Committee.	Written	informed	
consent	was	obtained	from	all	patients.	
	
Project	local	reference:	16SURN204848	
REC	reference:	16/SC/0414	
IRAS	Project	ID:	204848	
ClinicalTrials.gov	Identifier:	NCT02858986	
	
Statistical	advice	was	sought	from	the	University	of	Surrey	and	was	based	on	the	
power	calculation	of	the	previous	study	at	our	institution	[90].	At	this	time,	quality	
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data	on	operative	times	on	which	to	base	a	power	calculation	were	not	available	for	
2D	HD	versus	3D	laparoscopic	cholecystectomy,	and	the	results	of	this	previous	
study	were	not	available.	Data	for	total	operative	time	(mean	and	standard	
deviation)	in	a	conventional	(2D	HD)	laparoscopic	cholecystectomy	were	instead	
obtained	from	a	recent	meta-analysis	comparing	this	to	single	incision	laparoscopic	
cholecystectomy	[172].	Operative	times	ranged	from	35.6	to	64.1	minutes,	with	a	
median	of	46.3	minutes.	The	standard	deviations	ranged	from	5.6	to	26.1.	For	the	
purpose	of	the	power	calculation,	data	from	Lai	et	al.’s	paper	were	used	[173],	which	
gave	an	operative	time	and	standard	deviation	in	the	middle	of	the	above	ranges,	of	
46.5	(20.1).	Schwab	et	al.	[90]	considered	that	a	clinically	(or	economically)	
significant	reduction	is	surgical	time	would	be	one	that	allowed	a	further	surgical	
case	to	be	added	to	an	operating	list.	This	would	require	roughly	1	hour	of	time	to	be	
saved	during	the	course	of	a	day.	A	typical	day	of	operating	could	accommodate	five	
laparoscopic	cholecystectomies;	therefore	if	12	minutes	could	be	saved	during	each	
case,	then	1	hour	could	be	saved.	Twelve	minutes	equates	to	just	over	25%	of	the	
duration	of	an	average	laparoscopic	cholecystectomy,	as	calculated	above.	Based	on	
Lai	et	al.’s	data,	to	detect	a	12	minute	difference	in	operating	time	using	a	two-sided	
test	with	a	power	of	80%	and	p	<	0.05	being	considered	statistically	significant,	at	
least	46	participants	were	required	in	each	group.	In	order	to	allow	for	the	exclusion	
of	patients	due	to	loss	of	data	(for	example,	following	technical	problems	with	video	
recordings),	equipment	failure,	cancellation	for	medical	reasons	or	conversion	to	
open	operation,	the	target	accrual	was	set	at	60	participants	In	each	treatment	
group.	
	
Inclusion	criteria	
1)	Informed,	written	consent	obtained	after	provision	of	information	leaflets	and	
face-to-face	answering	of	any	questions	participants	may	have	
2)	Laparoscopic	cholecystectomy	
3)	Medically	fit	for	day	case	surgery	
4)	Age	18	to	85	years	
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Exclusion	criteria	
1)	Conversion	to	open	cholecystectomy	
2)	History	of	upper	abdominal	surgery	
3)	Recent/current	involvement	in	another	clinical	trial	
4)	Common	bile	duct	exploration	at	time	of	operation	
	
Three	surgical	consultants	at	Royal	Surrey	County	Hospital	with	proficiency	in	
laparoscopic	cholecystectomy	were	chosen.	This	small	sample	was	an	attempt	to	
reduce	variance	in	operative	time,	and	therefore	reduce	the	effect	of	confounding	
factors	during	the	analysis,	an	issue	identified	in	the	previous	trial	[90].	The	surgeons	
had	experience	of	3D	laparoscopy	without	having	experienced	side	effects	that	
required	termination	of	the	use	of	3D.	Each	met	the	requirements	for	visual	acuity,	
stereoacuity	and	normal	colour	vision	as	described	in	Chapter	3.	
	
Patients	due	to	undergo	laparoscopic	cholecystectomy	with	or	without	on	table	
cholangiogram	were	identified	and	provided	with	an	information	leaflet	about	the	
study	at	a	pre-assessment	outpatient	appointment.	Allocation	to	operating	lists	was	
from	a	pooled	waiting	list,	and	therefore	this	sample	can	be	considered	to	be	a	
random	sample	of	the	population	at	large.	
	
A	randomisation	plan	with	variable	block	sizes	was	produced	using	an	online	
programme	[134].	Randomisation	was	performed	by	an	independent	researcher,	
and	recruitment	was	conducted	by	the	Principal	Investigator.	Patients	who	met	the	
inclusion	criteria	were	invited	to	participate,	on	the	day	of	surgery,	by	the	Principal	
Investigator	and	informed	written	consent	was	obtained.	Some	patients	had	not	
received	information	leaflets	at	preassessment,	or	were	identified	as	semi-elective	
inpatient	cholecystectomies.	In	these	cases,	leaflets	were	provided	on	the	morning	
of	surgery,	and	patients	were	given	adequate	time	to	decide	whether	they	wished	to	
partake	in	the	study.	Participants	were	allocated	to	the	randomisation	plan	in	the	
order	that	they	consented	to	the	trial.	Patients	were	randomised	to	either	the	
VISERA	4K	UHD	laparoscopic	stack	(Olympus	Europa,	Hamburg,	Germany)	or	the	
IMAGE1	S	3D	laparoscopic	stack	(Karl	Storz,	Tuttlingen,	Germany).	These	systems	
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represent	the	latest	generation	of	2D	and	high	definition	dual	channel	passive	
polarising	3D	technology.	The	4K	image	was	displayed	on	a	55	inch	Sony	LCD	monitor	
(Sony,	Tokyo,	Japan).	After	four	3D	cases,	it	was	decided	that,	in	order	to	reduce	bias	
associated	with	differing	screen	sizes,	the	3D	image	would	be	displayed	on	a	passive	
polarising	45.9	inch	JVC	LCD	screen	(JVC,	Yokohama,	Japan),	rather	than	the	standard	
screen.	As	is	standard	practice,	the	4K	system	was	zoomed	to	1.4x	magnification,	to	
eliminate	the	black	deadspace	around	the	laparoscopic	image	(as	explained	in	
Chapter	2).	The	3D	system	by	default	provides	HD	resolution	without	deadspace	
around	the	image.	
	
Patients	underwent	laparoscopic	cholecystectomy	performed	by	the	Consultant	
surgeon,	with	a	Registrar	or	an	experienced	Senior	House	Officer	holding	the	
camera.	Screens	were	positioned	directly	in	front	of	the	operating	surgeon	at	a	
distance	of	around	1.5	metres,	depending	on	theatre	ergonomics.	In	order	to	avoid	
changing	Consultants’	usual	practice,	and	thereby	potentially	affecting	patient	
safety,	Consultants	were	permitted	to	select	either	a	0	or	30	degree	10	mm	
laparoscope	for	each	case	(or	both,	in	difficult	cases),	based	on	their	usual	
preference,	patient	BMI	and	predicted	difficulty	of	the	operation	(30	degree	usually	
being	preferred	for	high	BMI	or	more	difficult	cases).	For	a	similar	reason,	no	
restrictions	were	placed	on	intra-abdominal	operating	pressures.	Surgeons	were	
permitted	to	change	brightness	settings	in	order	to	obtain	an	optimal,	safe	picture.	
In	order	to	avoid	‘fogging’	of	laparoscopes	(whereby	water	vapour	in	warm	air	
condenses	on	the	cold	laparoscope),	laparoscopes	were	warmed	in	saline	prior	to	
use.	A	smoke	evacuation	system	was	used	to	reduce	the	effect	of	diathermy	smoke	
on	visualisation.	
	
A	four	port	technique	was	utilised,	with	hook	diathermy,	Maryland	dissector	or	
scissor	dissection	to	Calot’s	triangle	as	appropriate.	Needle	decompression	of	the	
gallbladder	was	permitted	when	gallbladder	distension	made	grasping	difficult.	On	
table	cholangiogram	was	performed	in	cases	of	raised	bilirubin	or	alkaline	
phosphatase	without	previous	MRCP,	if	intraductal	stones	were	suspected	at	
operation	(dilated	biliary	system	or	stones	found	in	cystic	duct),	or	as	per	the	
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surgeon’s	usual	practice.	Endoscopic	clips	were	usually	used	to	ligate	the	cystic	
artery	and	duct,	although	Hem-o-lok	ligating	clips	(Teleflex	Inc.,	Pennsylvania,	USA)	
or	Endoloop	(Ethicon	Inc.,	New	Jersey,	USA)	or	suture	ligatures	were	permitted	if	a	
dilated	or	high-pressure	cystic	duct	was	encountered.	The	artery	and	duct	were	
divided	with	scissors	and	then	an	antegrade	dissection	was	performed	to	separate	
the	gallbladder	from	the	liver	using	hook	diathermy.	In	difficult	cases,	a	retrograde	
dissection	was	permitted.	Any	cases	that	could	not	be	completed	as	laparoscopic	
total	cholecystectomy	(i.e.	subtotal	and	open	cholecystectomy)	were	excluded	from	
analysis.	Laparoscopy	was	recorded	anonymised	without	sound.	
	
The	videos	were	edited	and	the	primary	outcome	measured	using	Final	Cut	Pro	X	
(Apple	Inc.,	Cupertino,	California,	USA).	Videos	were	cropped	to	remove	company	
logos	and	other	overlays,	and	exported	in	2D	1920	1080	pixel	resolution	
progressive	format	at	25	frames	per	second	to	ensure	blinding	for	error	assessment.	
As	in	a	previous	studies	[90,92,93]	non-laparoscopic	portions	of	the	operation	were	
not	included	in	the	video	for	analysis.	The	insertion	and	removal	of	ports,	as	well	as	
the	removal	of	the	gallbladder	may	be	highly	variable	in	time	for	reasons	not	directly	
related	to	the	laparoscopic	imaging	system	used.	The	video	was	therefore	cut	to	
begin	when	the	first	attempt	was	made	to	expose	the	gallbladder	(for	example,	
when	the	gallbladder	was	first	grasped,	or	if	not	visible	initially,	when	first	contact	
was	made	with	the	liver,	omentum	or	adhesions).	The	video	was	ended	when	the	
gallbladder	had	been	completely	separated	from	the	liver.	Cholangiograms	were	cut	
from	the	video	as	these	were	not	performed	in	all	cases.	It	was	one	surgeon’s	
practice	to	insert	the	endoscopic	closure	suture	for	the	epigastric	port	during	the	
dissection,	and	this	was	also	cut.	A	digital	time	counter	was	inserted	into	the	video,	
from	which	the	total	operative	time	was	derived.	
	
During	the	course	of	the	research,	it	was	found	that	in	some	cases	delays	occurred	
that	were	not	directly	related	to	operative	difficulty	or	performance	(such	as	
standard	equipment	not	being	ready,	gas	insufflation	bottles	needing	replacing,	or	
the	operating	needing	to	be	stopped	due	to	a	vasovagal	reaction	to	the	
pneumoperitoneum).	In	order	to	determine	whether	these	may	have	biased	the	
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results,	these	were	edited	from	the	video	to	produce	a	further	set	of	data,	“total	
operative	time	minus	delays”.	This	is	similar	to	the	methods	of	Seymour	et	al.	[174],	
who	subtracted	the	time	taken	to	inspect	the	liver	bed	for	bleeding	and	the	time	
spent	awaiting	surgical	instruments	from	the	final	operative	time.	In	the	current	
study,	a	delay	that	was	directly	related	to	the	difficulty	of	the	study	(such	as	awaiting	
a	specialist	piece	of	equipment	that	was	required	to	complete	a	difficult	operation,	
or	the	need	to	change	to	a	laparoscope	of	a	different	angulation)	was	not	cut,	as	in	
previous	research	[90].	
	
The	previous	study	at	our	institution	found	that	a	significant	confounding	factor	on	
the	time	taken	to	complete	laparoscopic	cholecystectomy	was	the	degree	of	
adhesions	around	the	gallbladder,	and	subsequent	difficulty	of	the	operation	[90].	It	
was	not	possible	to	predict	this	from	the	operative	indication.	This	study	used	a	4-
grade	system	[175]	to	separate	cholecystectomies	of	different	difficulties	for	
subgroup	analysis.	Grading	was	performed	by	a	single	investigator.	However,	in	the	
present	study,	it	was	decided	that	this	system	was	too	subjective,	with	potential	
overlap	between	the	grades.	Instead,	a	more	objective	grading	system	as	used	by	
Hanna	et	al.	in	one	of	the	seminal	papers	comparing	2D	and	3D	laparoscopic	systems	
[176]	(Figure	1).	This	system	grades	operations	for	difficulty	depending	on	the	
intraoperative	findings,	from	grade	1	(easiest)	to	grade	3	(most	difficult).	It	was	not	
possible	to	power	the	study	for	subgroup	analysis	(operative	difficulty),	due	to	the	
constraints	in	recruiting	large	numbers	of	patients	over	the	one	year	period	of	this	
single-centre	study.	For	the	powered	outcome,	the	overall	difference	between	the	
3D	and	4K	groups	(encompassing	all	grades)	was	compared.	 	
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Figure	1:	Grading	of	the	difficulty	of	laparoscopic	cholecystectomy,	adapted	from	
Hanna	et	al.	[176]	
Grading	of	the	difficulty	of	laparoscopic	cholecystectomy	
Grade	1	
• No	adhesions	
• Cystic	duct	visible	on	gallbladder	retraction	
• No	apparent	biliary	or	vascular	anatomical	
abnormalities	
• View	of	Calot’s	triangle	is	unobstructed	
	
Grade	2	
• Loose	areolar	or	filmy	gallbladder	adhesions	
• View	of	Calot’s	triangle	obstructed	by	fat	
• BMI	>	30	
• Fatty	falciform	ligament	
• View	obscured	by	enlarged	quadrate	lobe	
• Retraction	impaired	by	enlarged	right	lobe	
of	liver		 	
Grade	3	
• Dense	adhesions	or	duodenal	adhesions	to	
gallbladder	
• Inflamed	or	shrunken	gallbladder	
• Dense	adhesion	of	gallbladder	to	liver	
• Unclear	anatomy	or	difficult	anatomical	
variations	
• Impacted	gallstone	in	gallbladder	neck	or	
Hartmann’s	pouch	
• Bile	duct	adherent	to	neck	of	gallbladder	
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As	described	in	Chapter	1,	Sarker	et	al.’s	technical	skills	checklist	was	used	to	score	
minor,	major	and	significant	major	surgical	errors	[88]	(Figure	2).	Each	error	could	be	
1)	not	committed	(“No	error”),	2)	committed	but	corrected	(“Yes	Corrected”),	or	3)	
committed	by	uncorrected	(“Yes	Uncorrected”).	Each	of	these	outcomes	contributed	
a	different	weighted	value	to	the	overall	error	score,	depending	on	error	severity,	as	
described	by	Sarker	et	al.	[88].	In	addition	to	this	score,	a	comparison	between	the	
laparoscopic	systems	of	the	incidence	of	each	error	was	conducted,	as	this	was	felt	
to	be	more	descriptive.	 	
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Figure	2:	The	technical	skills	checklist,	following	Sarker	et	al.	[88].	
	
Minor	errors	
• Injury	to	gallbladder	with	bile	spilled	
• Liver	injury,	by	diathermy	
• Clip	incompletely	on	cystic	artery	
• Clip	incompletely	on	cystic	duct	
• Misplaced	clip	fallen	into	abdomen	
• Cystic	artery	or	branches	not	identified	initially	
	
Major	errors	
• Gallbladder	injury	with	stones	spilled	
• Liver	injury	with	bleeding	
• Unintentional	cystic	duct	division	
• Cystic	artery	injury	
• Loss	of	pneumoperitoneum	due	to	surgery	
	
Significant	major	errors	
• Other	major	vascular	injury	
• Duct	injury	-	CBD/	Right	hepatic/	Accessory	
• Injury	to	other	abdominal	viscus	
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Patient	demographics	of	age,	gender,	ASA	(American	Society	of	Anesthesiologists	
Physical	Status	Classification	System)	grade,	BMI	and	indication	for	operation	were	
recorded.	Thirty-day	complications	were	detected	by	reviewing	electronic	discharge	
summaries	and	by	checking	attendance	records	for	unscheduled	reattendance.	
Electronic	or	paper	notes	were	then	reviewed	if	appropriate.	
	
	
Blinding	
	
Randomisation	was	concealed	from	the	Principal	Investigator.	The	Principal	
Investigator	and	participants	were	blinded	during	the	recruitment	process	using	a	
sealed	envelope	technique.	Following	recruitment,	the	Principal	Investigator	was	
unblinded,	however	the	patient	remained	blinded.	It	was	not	possible	to	blind	the	
operating	Consultant	or	theatre	staff	to	the	laparoscopic	system	used.	
	
Video	editing	and	measurement	of	the	primary	outcome	was	performed	unblinded	
by	the	Principal	Investigator.	It	was	not	feasible	to	employ	independent	researchers	
to	edit	the	operative	videos	and	measure	the	primary	outcome	blinded,	as	these	
were	time-consuming	processes.	Therefore	the	Principal	Investigator	performed	
these	tasks	unblinded.	This	was	acceptable	as	objective	“start,	stop”	points	for	the	
beginning	and	end	of	the	procedure,	the	cholangiograms	and	intra-operative	port	
closures	were	defined.	
	
The	“total	operative	time	minus	delays”	data	were	also	produced	by	the	Principal	
Investigator	unblinded	by	editing	videos	to	remove	delays.	Again	it	was	not	possible	
to	have	an	independent,	blinded	researcher	validate	this	time-consuming	task.	
Therefore	the	time	data	from	these	videos	were	used	only	to	determine	whether	
excluding	delays	affected	the	results.	This	would	provide	insight	into	the	validity	of	
using	operative	times	that	included	delays	unrelated	to	the	intervention,	which	is	
more	representative	of	clinical	situations.	The	non-validated	“total	operative	time	
minus	delays”	data	were	not	used	in	the	primary	outcome	or	to	draw	conclusions.	
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Grading	of	the	videos	was	initially	performed	by	the	unblinded	Principal	Investigator.	
It	was	possible	to	recruit	a	blinded	Consultant	surgeon	reviewer	who	had	not	been	
involved	in	any	of	the	operations	(R	Smith)	to	validate	this	process.	In	the	case	of	any	
disagreement	in	gallbladder	grading,	agreement	was	reached	through	discussion	
between	the	Principal	Investigator	and	the	reviewer.	
	
Error	assessment	was	performed	on	blinded	videos	by	the	same	reviewer.	To	
validate	these	data,	another	surgeon	duplicated	the	assessment.	This	was	blinded,	
however,	as	this	surgeon	had	participated	in	the	trial	his	assessment	was	used	only	
for	validation	and	not	in	the	analysis.	Inter-rater	reliability	was	assessed	by	
calculating	a	Cohen’s	kappa	(κ)	coefficient	for	each	error	(assessed	dichotomously	as	
‘error’	or	‘no	error’).	A	κ	of	>	0.50	was	found	for	each	error,	suggesting	a	substantial	
agreement,	and	validating	the	data	from	the	first	assessment	for	use	in	the	error	
analyses.	
	
	
Statistical	methods	
	
Data	were	collated	and	analysed	respectively	using	Microsoft	Excel	for	Mac	2011	
(Microsoft	Corporation,	Redmond,	Washington)	and	SPSS	Statistics	Version	22	(IDM,	
Armonk,	New	York).	A	p	value	of	<	0.05	was	taken	to	be	statistically	significant.	The	
Shapiro-Wilk	test	was	used	to	determine	the	normality	of	data.	Mean	and	standard	
deviation	were	used	to	report	parametric	data.	Median	and	interquartile	range	were	
used	to	report	non-parametric	data.	Time	data	are	reported	as	decimal.	For	the	main	
outcomes	of	time	and	error	score,	a	one-way	ANCOVA	was	performed,	with	
consultant	and	grade	as	covariates,	as	these	were	previously	found	to	significantly	
affect	operative	time	[90].	Normality	of	the	overall	model	residuals	was	tested.	All	
residuals	were	non-parametric	and	positively	skewed,	and	therefore	data	were	log10	
transformed.	Effect	sizes	were	represented	by	partial	eta	squared	values.	
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For	demographic	data,	and	individual	errors	and	complications	small	numbers	
precluded	covariate	analysis.	An	independent	samples	t	test	was	used	to	compare	
samples	of	continuous	parametric	data.	A	Mann-Whitney	U	test	for	was	used	to	
compare	samples	of	continuous	non-parametric	data.	The	Chi	square	test	of	two	
proportions	was	used	to	compare	samples	of	data	with	two	categories	(such	as	
gender,	or	whether	a	patient	did	or	did	not	suffer	a	complication).	The	Chi	square	
test	of	homogeneity	(r	x	2)	was	used	to	compare	samples	of	data	with	more	than	
two	categories	(such	as	ASA	grade).	If	the	minimum	sample	size	for	these	tests	was	
not	met	(as	determined	using	SPSS),	the	Fisher’s	exact	test	(2	x	2)	or	(r	x	2)	
respectively	were	used.	
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Results		
Consort	Diagram	
	
The	CONSORT	diagram	is	displayed	in	Figure	3.	Of	note,	one	patient	incorrectly	
received	the	3D	intervention	when	they	should	have	been	randomised	to	4K	due	to	
an	error	in	which	the	same	randomisation	envelope	was	used	twice.	The	only	
technical	failures	were	in	the	3D	group.	For	a	small	number	of	patients,	short	
operative	delays	resulted	from	picture	loss	caused	by	interference	with	the	
diathermy.	This	was	due	to	a	non-insulated	cable	being	used	to	connect	the	46	inch	
screen	to	the	laparoscopic	stack.	This	equipment	was	not	part	of	the	commercial	
laparoscopic	stack,	and	when	the	cause	of	the	problem	was	identified,	it	was	
rectified.	For	one	patient	the	interference	was	significant	enough	that	standard	
laparoscopic	equipment	had	to	be	used,	and	the	patient	excluded	from	the	trial.	
However	for	the	remainder	the	short	delays	were	felt	not	to	have	a	significant	effect	
on	the	overall	time	(an	issue	that	will	be	examined	by	comparing	the	operative	
timings	with	and	without	delays	edited).	Three	further	patients	were	excluded	from	
analysis	due	to	a	technical	failure	in	the	video	recording.	A	cause	for	this	was	not	
found,	despite	analysis	by	Karl	Storz	Endoscopy,	and	instead	a	replacement	stack	
was	used.	 	
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Figure	3:	CONSORT	diagram	
	
	
	
Demographics	
	
The	demographics	of	the	patients	in	the	3D	and	4K	groups	are	displayed	in	Table	1.	
There	were	no	significant	differences	between	the	two	groups	in	any	characteristic.	
In	both	groups	there	was	a	preponderance	of	females,	biliary	colic	was	by	far	the	
most	common	indication	for	surgery,	and	the	most	frequent	gallbladder	grade	was	
grade	2.	
	
As	Table	2	demonstrates,	there	was	an	imbalance	between	the	surgeons	in	terms	of	
total	number	of	operations	performed.	This	was	due	to	the	fact	that	Consultant	B	
had	more	available	theatre	time.	There	was	also	an	imbalance	in	the	number	of	3D	
and	4K	procedures	performed	by	each	Consultant,	owing	to	the	randomisation	plan	
and	to	exclusions.	These	imbalances	were	corrected	for	using	the	one-way	ANCOVA.	 	
Assessed for eligibility (n = 122)	
Excluded  (n = 2)	
♦			Declined to participate (n = 2)		
Analysed (n = 54) 
♦	Excluded from analysis	
-  Incomplete recording (n = 3)	
-  Equipment failure (n = 1)	
-  Subtotal cholecystectomy (n = 1)	
-  Converted to open operation (n = 1)	
 	
Allocated to 3D (n = 60)	
♦	Received allocated intervention (n = 60)	
Analysed (n = 55) 
♦	Excluded from analysis	
-  Non-standard technique: 5th port 
required (n = 1), perforated gallbladder 
sutured closed (n = 1)	
-  Non-4K laparoscope used (n = 1)	
		
 	
Allocated to 4K (n = 60) 	
♦	Received allocated intervention (n = 58)	
♦	Did not receive allocated intervention	
-          Cancelled for medical reasons (n = 1) 
-          Incorrect randomisation envelope (n = 1) 
 	
Allocation	
Analysis	
Randomised (n = 120)	
Enrollment	
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Table	1:	Patient	demographics	
	 3D	 4K	 p	value	
Gender	
					Male	
					Female	
	
14	
40	
	
11	
44	
	
0.46*	
Age	[mean	(SD)]	 56.2	(13.4)	 55.0	(14.6)	 0.66†	
Indication	
					Biliary	colic	
					Calculous	cholecystitis	
					Obstructive	jaundice	(gallstones)						
					Polyp	
					Gallstone	pancreatitis	
					Cholangitis	(gallstones)	
	
31	
14	
6	
2	
1	
-	
	
38	
10	
5	
1	
-	
1	
	
0.63‡	
BMI	[median	(IQR)]	 27.7	(25.6-32.6)	 28.7	(23.4-33.7)	 0.94§	
ASA	grade	
					1	
					2	
					3	
	
16	
33	
5	
	
18	
32	
5	
	
0.96‡	
Gallbladder	grade	
					1	
					2	
					3	
	
6	
31	
17	
	
5	
38	
12	
	
	
0.44**	
Total	 54	 55	 	
ASA	=	American	Society	of	Anesthesiologists	Physical	Status	Classification	System,	
BMI	=	body	mass	index	(note	that	pre-operative	BMI	was	not	available	for	one	
patient),	IQR	=	interquartile	range,	SD	=	standard	deviation.	*	=	Chi	square	test	of	
two	proportions,	**	=	Chi	square	test	of	homogeneity	(r	x	2),	†	=	t	test,	‡	=	Fisher’s	
exact	test	(r	x	2),	§	=	Mann-Whitney	U	test.	
	
Table	2:	Operations	by	Consultant	and	view	
	 3D	 4K	 Total	
Consultant	
					A	
					B	
					C	
	
17	
25	
12	
	
18	
21	
16	
	
35	
46	
28	
Total	 54	 55	 109	
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Time	to	complete	laparoscopic	cholecystectomy	
	
The	median	time	to	complete	laparoscopic	cholecystectomy,	from	first	exposure	of	
the	gallbladder	to	final	separation	from	the	liver	(excluding	on	table	cholangiogram)	
was	23.41	min	(17.00-37.98)	in	the	3D	group,	and	20.90	min	(17.67-33.03)	in	the	4K	
group,	demonstrating	no	significant	difference	(p	=	0.91;	Figure	4).	The	gallbladder	
grade	had	a	strong	effect	on	the	time	to	complete	the	procedure	(p	<	0.05,	partial	
eta	squared	=	0.39).	The	operating	Consultant	also	had	a	significant,	but	less	strong	
effect	(p	<	0.05,	partial	eta	squared	=	0.12).	Similar	results	were	seen	for	“total	
operative	time	minus	delays”	(3D	vs	4K:	21.23	min	[16.77-37.27]	vs	20.90	min	
[17.48-32.39],	p	=	1.00;	gallbladder	grade:	p	<	0.05,	partial	eta	squared	=	0.39;	
Consultant:	p	<	0.05,	partial	eta	squared	=	0.14).	
	
	
Figure	4:	Total	time	to	complete	laparoscopic	cholecystectomy,	3D	versus	4K	
Circles	represent	values	between	1.5	and	3	times	the	interquartile	range	 	
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Error	scores	
	
The	median	error	score	was	60	(56-62)	in	the	3D	group	and	58	(56-60)	in	the	4K	
group,	demonstrating	no	significant	difference	(p	=	0.27;	Figure	5).	The	operating	
consultant	did	not	significantly	affect	the	error	score	(p	=	0.24),	however	the	
gallbladder	grade	had	a	significant	effect	(p	<	0.05,	partial	eta	squared	=	0.17).	
	
	
Figure	5:	Error	score	during	laparoscopic	cholecystectomy,	3D	versus	4K	
Circles	represent	values	between	1.5	and	3	times	the	interquartile	range.	Note	that	there	are	
overlapping	outlying	values	for	4K	(four	4K	outliers	in	total)	 	
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Individual	errors	
	
As	demonstrated	in	Table	3,	neither	group	was	more	likely	to	suffer	any	error,	or	any	
major	or	minor	error.	There	was	no	difference	between	the	incidence	of	minor	
(Table	4)	or	major	errors	(Table	5)	in	the	3D	and	4K	groups,	with	the	exception	of	
one	major	error,	gallbladder	injury	with	stones	spilled.	Of	note,	there	were	no	
significant	major	errors.	
	
	
Table	3:	Incidence	of	any	major	or	minor	error,	3D	versus	4K	
	 3D	 4K	 p	value*	
Any	minor	error	 28	 27	 0.77	
Any	major	error	 17	 11	 0.17	
Any	minor	or	major	error	 30	 29	 0.77	
*	=	Chi	square	test	of	two	proportions	
	
	
Table	4:	Incidence	of	minor	errors,	3D	versus	4K	
	 3D	 4K	 p	value	
Injury	to	gallbladder	with	bile	spilled	 19	 16	 0.50*	
Liver	injury,	by	diathermy	 8	 11	 0.48*	
Clip	incompletely	on	cystic	artery	 7	 4	 0.32*	
Clip	incompletely	on	cystic	duct	 8	 4	 0.21*	
Misplaced	clip	fallen	into	abdomen	 3	 2	 0.68†	
Cystic	artery	or	branches	not	identified	initially	 3	 2	 0.68†	
*	=	Chi	square	test	of	two	proportions,	†	=	Fisher’s	exact	test	(2	x	2)	
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Table	5:	Incidence	of	major	errors,	3D	versus	4K	
	 3D	 4K	 p	value	
Gallbladder	injury	with	stones	spilled	 7	 1	 <0.05†	
Liver	injury	with	bleeding	 8	 5	 0.36*	
Unintentional	cystic	duct	division	 0	 0	 -	
Cystic	artery	injury	 6	 6	 0.97*	
Loss	of	pneumoperitoneum	due	to	surgery	 0	 0	 -	
Other	major	vascular	injury	 0	 0	 -	
Duct	injury	-	CBD/	Right	hepatic/	Accessory	 0	 0	 -	
Injury	to	other	abdominal	viscus	 0	 0	 -	
*	=	Chi	square	test	of	two	proportions,	†	=	Fisher’s	exact	test	(2	x	2).	Dashes	indicate	
that	no	statistics	were	performed	as	there	were	no	incidences	of	the	error.	
	
	
Performance	during	high	grade	gallbladder	operations	
	
When	considering	only	the	most	difficult	operations	(grade	3),	no	difference	was	
found	in	time	to	complete	the	procedure	(3D	vs	4K:	48.00	min	[34.97-68.60]	vs	38.69	
min	[28.51-47.87],	p	=	0.15)	or	error	score	(3D	vs	4K:	64	[62-64]	vs	60	[56-65],	p	=	
0.33).	No	significant	difference	was	found	between	operating	Consultants	for	time	or	
error	score.	
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Complications	and	reattendance	
	
The	30	day	complications	and	reattendance	are	presented	in	Table	6.	There	were	no	
major	complications,	reflecting	the	fact	that	there	were	no	significant	major	errors.	
One	patient	had	a	minor	upper	gastrointestinal	bleed	whilst	on	prophylactic	
dalteparin,	however	this	did	not	require	endoscopic	intervention.	There	were	no	
significant	differences	between	the	3D	and	4K	groups	in	terms	of	minor	
complications	and	reattendance.	
	
	
Table	6:	30	day	complications	and	reattendance	
	 3D	 4K	 p	value*	
Post-operative	pain	(reattendance)	 3	 2	 0.68	
Intra-operative	dysrhythmia	 1	 1	 1.00	
Infected	umbilical	wound	 1	 0	 0.50	
Concern	RE	wound	ooze	(reattendance)	 0	 1	 1.00	
Urinary	retention	 1	 1	 1.00	
Upper	gastrointestinal	bleed	on	dalteparin	 1	 0	 0.50	
Constipation	(reattendance)	 1	 0	 0.50	
*	=	Fisher’s	exact	test	(2	x	2)	
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Discussion	
	
This	randomised	controlled	trial	has	shown	that	the	binocular	vision	provided	by	a	
3D	high	definition	laparoscopic	system	does	not	reduce	operative	time,	
intraoperative	error	score	or	30	day	complications	and	reattendance	following	
laparoscopic	cholecystectomy,	when	compared	to	the	monocular	vision	provided	by	
a	4K	system.	
	
Six	previous	clinical	studies	have	compared	3D	and	2D	HD	laparoscopic	
cholecystectomy	performed	by	expert	surgeons.	As	in	this	study,	Currò	et	al.	and	
Tung	et	al.	found	no	time	difference	between	3D	and	2D	HD	laparoscopic	
cholecystectomy	[52,177].	However,	the	results	of	the	current	study	contrast	with	
those	of	Sahu	et	al.	[45]	and	Bilgen	et	al.	[75],	who	suggested	that	3D	laparoscopic	
cholecystectomy	was	14	minutes	(26%)	and	9	minutes	(31%)	faster	than	2D	HD,	
respectively.	Furthermore,	in	the	only	powered	study	comparing	2D	HD	to	3D	
laparoscopic	cholecystectomy,	Schwab	et	al.	demonstrated	that	3D	vision	reduced	
operating	time	in	higher	grade	gallbladder	operations	[90].	This	is	in	agreement	Zeng	
et	al.	[178],	who	found	that	3D	laparoscopic	cholecystectomy	was	15	minutes	(23%)	
faster	than	2D	HD	among	their	study	of	89	patients	with	‘complicated’	gallbladder	
disease.	A	benefit	of	3D	vision	in	high	grade	gallbladders	was	not	observed	in	our	
study.	
	
The	difference	in	findings	between	the	current	study	and	Sahu	et	al.,	Bilgen	et	al.	
Schwab	et	al.	and	Zeng	et	al.’s	work	may	relate	to	a	benefit	of	4K	over	2D	HD,	as	
suggested	by	Harada	et	al.	in	the	simulator	setting	[60].	Further	powered	
randomised	clinical	studies	are	required	to	explore	this	further.	Methodological	
differences	may	also	explain	the	differing	findings.	Sahu	et	al.	and	Bilgen	et	al.’s	
studies	involved	small	sample	sizes	and	were	not	powered.	Neither	of	the	studies	
described	adequate	randomisation.	The	effect	size	in	Schwab	et	al.’s	study	was	very	
small,	calling	into	question	the	clinical	relevance	of	this,	and	their	conclusions	were	
limited	by	the	small	number	of	cases	of	higher	grade.	Zeng	et	al.’s	study	is	not	
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available	in	English,	and	therefore	the	methodology,	inclusion	criteria,	and	any	
randomisation	procedures	cannot	be	appraised.		
	
Only	Schwab	et	al.	compared	errors	between	3D	and	2D	systems.	Operative	errors	
(such	as	gallbladder	perforation)	were	less	frequent	with	3D	in	difficult	gallbladder	
operations,	although	as	described	above	the	effect	size	was	small	and	the	numbers	
of	higher	grade	gallbladders	were	small	[90].	This	finding	was	not	replicated	in	our	
study,	although	this	may	have	been	due	to	the	fact	that	Schwab	et	al.	used	the	well	
validated	OCHRA	tool.	The	current	study	suggested	that	injury	to	the	gallbladder	
with	stone	spillage	was	more	likely	in	the	3D	group.	Given	that	there	was	no	
difference	between	3D	and	4K	for	any	other	error	(in	particular	for	gallbladder	injury	
with	bile	spillage),	it	is	possible	that	this	result	is	spurious.	Some	errors	may	not	be	
due	to	laparoscopic	vision.	Errors	relating	to	surgical	clips	may	be	due	to	‘mis-firing’	
of	the	endoscopic	clip	applicator.	As	discussed	in	the	methods,	loss	of	
pneumoperitoneum	occurred	due	to	empty	gas	insufflation	bottles,	and	were	
removed	from	the	videos.	These	errors	may	be	a	poor	measure	of	performance	
related	to	laparoscopic	vision.	
	
As	in	the	current	trial,	none	of	the	above	studies	reported	a	difference	in	
complication	rates	between	3D	and	2D	HD	[45,52,75,90,177,178].	It	may	be	that	no	
studies	have	had	the	statistical	power	to	detect	a	true	difference.	It	is	unfeasible	to	
power	a	study	to	detect	a	difference	in	complication	rates	without	performing	a	
multicentre	trial	involving	thousands	of	patients.	
	
The	results	of	the	current	study	support	those	of	the	previous	2D	HD	versus	3D	
laparoscopic	cholecystectomy	study	at	our	institution	[90],	in	which	gallbladder	
grade	demonstrated	a	large	effect	size	on	time	to	complete	the	operation,	whilst	the	
operating	surgeon	had	a	smaller	but	significant	effect	size.	These	results	highlight	
the	importance	of	predicting	the	difficulty	of	laparoscopic	cholecystectomy	
preoperatively.	Allocating	more	time	to	difficult	cases	would	prevent	overbooking	of	
theatre	lists,	and	costs	associated	with	overrunning	lists	and	cancelling	other	
patients.	Such	predictive	scores	have	already	been	proposed	[179].	Inter-operator	
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variability	is	also	likely	to	be	more	significant	than	the	difference	between	2D	HD,	3D	
or	4K	view	in	operative	performance.	This	is	an	important	area	that	requires	
investigation,	particularly	in	the	context	of	national	surgical	outcome	reporting,	
quality	assurance	and	patient	safety	[180].	
	
The	European	Association	of	Endoscopic	Surgery	has	highlighted	the	need	for	large,	
powered,	randomised	controlled	trials	comparing	2D	and	3D	technologies	[53].	The	
current	study	adds	to	this	evidence	base,	and	has	advantages	over	the	existing	
published	evidence.	It	is	a	powered,	high	quality	randomised	controlled	trial.	The	
trial	compared	two	of	the	most	advanced	3D	and	2D	(4K)	laparoscopic	systems	
available.	It	involved	a	group	of	Consultant	Surgeons	with	extensive	experience	in	
laparoscopic	cholecystectomy,	and	relatively	fast	operating	times.	Four	of	the	
published	papers	had	highly	selective	inclusion	criteria	[52,75,177],	excluding	
patients	with	cholecystitis,	and	drastically	affecting	the	clinical	applicability	of	these	
results.	The	current	study	included	a	representative	sample	of	gallbladder	pathology	
from	the	general	population,	with	no	restriction	on	the	indication	for	
cholecystectomy.	Given	that	this	trial	was	powered	to	detect	a	(clinically	relevant)	
difference	of	12	minutes	between	the	two	systems,	even	if	a	true	difference	of	lesser	
time	disparity	does	exist,	it	is	unlikely	to	be	clinically	relevant.	However,	the	trial	was	
not	powered	for	subgroup	analysis.	This	trial	has	demonstrated	significant	
confounders	to	operative	performance	(grade	and	operating	consultant)	that	need	
to	be	accounted	for	in	future	larger	clinical	trials	of	3D	versus	4K.	Currò	et	al.	has	
previously	demonstrated	that	a	trainee	laparoscopic	surgeon	performed	
laparoscopic	cholecystectomy	on	average	12	minutes	(20%)	quicker	with	a	3D	
system	[52].	Further	work	should	also	be	conducted	to	investigate	the	benefit	to	
trainees,	in	terms	of	time,	errors,	and	complications.	
	
As	discussed	in	the	previous	chapter,	the	simulator	evidence	for	the	benefit	of	3D	
over	2D	HD	systems	is	strong.	Similarly,	in	this	thesis,	3D	has	shown	to	be	superior	to	
a	non-validated	prototype	4K	system	in	the	simulated	setting.	However,	there	is	no	
convincing	evidence	of	a	benefit	of	3D	over	2D	HD	and	4K	technologies	clinically	
during	laparoscopic	cholecystectomy.	This	is	likely	because	the	simulator	tasks	test	
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depth	perception	more	intensely,	thus	providing	the	3D	system	with	an	advantage.	
These	tests	are	artificial,	and	depth	perception	requirements	during	‘simple’	
operations	such	as	laparoscopic	cholecystectomy	[177]	are	much	lower.	
Furthermore,	laparoscopic	surgery	requires	skills	in	dissection,	coagulation	and	
cutting	that	cannot	be	tested	with	simple	models	[181].	These	reasons	may	explain	
the	difference	between	the	results	of	the	simulator	and	clinical	trials,	in	addition	to	
the	poor	depth	of	field	of	the	4K	prototype.	However,	stronger	evidence	for	3D	over	
2D	HD	laparoscopic	systems	exists	for	urological	surgery,	and	surgery	in	which	
suturing	is	required,	a	more	complex	task	that	requires	accurate	depth	perception	
[53].	Therefore	future	work	should	compare	the	benefits	of	3D	versus	4K	
laparoscopy	during	complex	operations.	
	
	
Limitations	
	
The	measurement	of	surgical	performance	is	challenging,	and	time	and	predefined	
errors	are	only	proxies	for	this.	As	seen	in	this	study,	operative	times	may	be	hugely	
confounded	by	other	factors.	Fast	operating	may	be	unsafe	[74]	and	whilst	errors	in	
laparoscopic	tasks	are	a	marker	of	surgical	precision	[61,95]	it	is	unclear	whether	
such	metrics	translate	to	better	outcomes	clinically	[165].	Future	research	should	
consider	alternative	primary	outcome	measures.	
	
Due	to	constraints	in	the	number	of	research	personnel	available,	video	editing	and	
measurement	of	the	primary	outcome	were	performed	by	a	single,	unblinded	
researcher.	Whilst	this	process	was	felt	to	be	objective,	there	is	the	potential	for	
bias.	Future	studies	should	employ	additional	independent	researchers,	to	allow	
blinding	and	validation	in	these	processes.	
	
As	described	in	the	previous	chapter,	this	trial	can	be	criticised	as	it	was	not	feasible	
to	recruit	enough	patients	to	include	a	2D	HD	intervention	arm.	This	should	be	
addressed	in	further	research.	
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A	limitation	of	the	dual	channel	3D	system	used	in	the	current	study	was	the	inability	
to	rotate	the	30	degree	laparoscope	whilst	maintaining	a	tolerable	image	[47,182].	
This	is	a	feature	of	2D	laparoscopes,	which	use	the	30	degree	angulation	of	the	
laparoscope	to	give	a	‘sideways’	view,	in	order	to	look	around	or	behind	objects.	This	
may	be	beneficial,	particularly	during	dissection	of	the	cystic	artery	and	duct	[45].	
However	on	rotating	the	Storz	Image	1S	3D	laparoscope,	the	operating	image	is	also	
rotated,	and	is	intolerable	to	the	surgeon,	who	must	tilt	their	head	[182].	The	design	
of	this	laparoscope	only	produces	an	image	with	a	horizontal	horizon	when	the	
laparoscope	is	angled	vertically	upwards	or	downwards	(changes	between	these	
being	made	by	activating	the	180	degree	image	rotation	function).	This	limitation	is	
not	seen	with	single	channel	3D	systems	[47].	However	the	design	of	the	new	dual	
channel	Olympus	Endoeye	3D	(which	was	not	available	for	this	study)	overcomes	this	
problem	[182].	This	may	have	been	a	minor	disadvantage	for	the	3D	system,	
however	surgeons	only	changed	the	orientation	of	their	laparoscope	in	a	minority	of	
operations,	and	only	one	of	the	operating	surgeons	used	the	30	degree	laparoscope	
as	standard.	
	
The	above	demonstrates	a	further	limitation	of	this	study.	This	trial	was	not	a	pure	
comparison	of	3D	versus	4K	technology,	but	also	of	two	systems	built	by	different	
manufacturers	(Karl	Storz	and	Olympus).	The	inherent	differences	in	their	designs	
will	introduce	bias.	Subsequent	to	the	start	of	this	trial,	both	companies	have	
produced	3D	and	4K	systems,	which	should	stimulate	more	standardised	research.	
	
	
Conclusions	
	
This	study	is	the	first	clinical	trial	to	compared	the	performance	of	3D	and	4K	
laparoscopic	systems.	No	benefit	was	found	for	3D	over	a	4K	laparoscopic	system	
during	laparoscopic	cholecystectomy,	as	performed	by	Consultant	Surgeons,	in	
terms	of	operating	time,	error	score,	complications	or	reattendances.	This	is	within	
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the	limitations	of	the	performance	outcome	measures	used.	The	difficulty	of	the	
operation	is	the	most	important	determinant	of	performance,	followed	by	the	
operating	surgeon	(even	among	Consultants).	Trials	including	trainees,	and	large,	
randomised	studies	involving	complex	procedures	and	suturing	are	required.		 	
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Chapter	5	–	Conclusions	and	future	work	
	
This	research	started	by	examining	3D	high	definition	and	4K	technologies	with	
regard	to	their	optical	properties.	Next	the	effects	of	3D	and	4K	technologies	on	the	
performance	of	novices	and	experts	in	simulated	tasks	of	depth	perception	were	
examined.	Finally,	the	clinical	effects	of	these	systems	on	the	performance	of	experts	
in	laparoscopic	cholecystectomy,	and	the	outcomes	following	this	procedure,	were	
studied.	
	
Optical	testing	revealed	that	pixel	resolution	is	only	one	of	many	elements	in	the	
imaging	chain	that	may	improve	resolving	power.	The	results	of	the	simulator	
experiments	demonstrated	that	stereopsis	was	a	more	important	factor	in	surgical	
performance	than	ultra	high	resolving	power,	although	the	4K	system	utilised	was	
non-validated	prototype,	and	these	conclusions	are	limited	only	to	depth	perception	
tasks.	No	differences	were	seen	in	performance	or	outcomes	when	comparing	
stereoscopic	and	ultra	high	resolution	views	in	laparoscopic	cholecystectomy.	
Further	work	should	examine	whether	3D	vision	provides	benefits	over	4K	vision	
among	trainee	surgeons,	and	in	complex	operations.	
	
This	study	has	shown	no	difference	between	3D	and	4K	technologies	during	
laparoscopic	cholecystectomy	in	commonly	measured	outcomes	of	time,	errors,	
complications	and	reattendance.	Arguably	this	procedure	is	technically	relatively	
simple.	However,	in	Curtis	et	al.’s	randomised	controlled	trial	comparing	
performance	with	3D	HD	and	2D	HD	laparoscopy	in	total	mesorectal	excision,	no	
difference	was	shown	in	error	rates,	operating	time,	mental	workload	or	clinical	
outcomes	between	these	two	modalities	[42].	Indeed	in	pooled	analysis	of	General	
Surgical	procedures,	the	benefits	of	3D	over	2D	systems	with	regards	to	operative	
time	are	small,	and	no	differences	were	seen	in	complication	rates	[53].	Curtis	et	al.	
concluded	that	video	error	analysis	using	the	OCHRA	tool,	which	had	previously	been	
considered	to	be	the	gold	standard	in	performance	assessment,	should	not	be	
undertaken	in	future	trials	[42].	They	proposed	that	a	new	outcome,	specimen	
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quality,	should	be	evaluated.	This	may	be	particularly	relevant	to	the	evaluation	of	
4K	technologies,	which	are	purported	to	improve	anatomical	discrimination	and	may	
improve	dissection.	In	this	thesis,	the	choice	of	simulator	tasks	that	specifically	
assess	depth	perception	may	have	disadvantaged	the	4K	system.	During	laparoscopic	
cholecystectomy,	a	wider	range	of	skills	is	required,	including	anatomical	
discrimination	and	dissection.	This	may	explain	why	no	difference	was	found	
between	3D	and	4K	clinically,	and	again	highlights	the	need	for	new	methods	for	
assessing	performance.	
	
A	further	explanation	for	the	lack	of	a	detectable	benefit	between	3D	and	4K	
systems,	is	that	stereoscopic	systems	do	not	truly	replicate	the	3D	vision	of	open	
surgery	[1].	These	systems	provide	horizontal	disparity,	however	a	surgeon’s	eyes	
still	accommodate	and	converge	on	the	LCD	monitor.	Therefore	the	surgeon	
perceives	depth	cues	based	on	screen	distance	that	are	non-concordant	with	cues	
received	from	disparity.	Furthermore,	as	laparoscopic	images	are	magnified,	depth	
cues	based	on	familiar	size	are	distorted.	Therefore	stereoscopic	systems	may	not	
provide	as	profound	a	depth	perception	advantage	as	expected.	
	
The	findings	of	this	thesis	suggest	that	using	a	3D	system	during	laparoscopic	
cholecystectomy	provides	no	performance	benefit	over	4K.	4K	technologies	are	
becoming	more	affordable	[183],	and	do	not	require	glasses	or	stereoacuity.	
Currently	they	may	be	preferable	to	expensive	3D	systems.	However,	this	thesis	was	
not	designed	as	a	health-economic	evaluation.	One	group	in	Italy	has	proposed	
significant	economic	savings	related	3D	technology	[184],	however	the	evidence	for	
this	in	General	Surgical	is	weak	[42,53],	and	no	economic	evaluation	has	been	
conducted	for	4K	systems.	This	is	an	important	area	for	research.	
	
Clearly	the	conclusions	of	the	current	study	are	limited	as	existing	performance	
assessment	measures	may	be	inappropriate	for	detecting	a	difference	between	3D	
and	2D/4K	technologies.	EAES	has	identified	performance	assessment	as	a	priority	
area	for	further	research	[185].	Before	further	trials	are	conducted,	Delphi	processes	
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and	appropriate	pilot	studies	should	be	undertaken	to	investigate	new	performance	
assessment	tasks,	tools	and	outcome	measures.	 	
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Appendix	1	–	Side	effect	questionnaire	
	
Participant	ID	 		
Expert	 	Novice	 3D	 4K	
Date	of	study	 	 Baseline	 Half	way	 Completion	
	
	
Please	rate	the	following	side	effects	by	drawing	a	vertical	line	on	the	scale:	
(Adapted	from	Sheedy	et	al,	2003)	
	
	
	
	Eye	burning	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Eye	ache	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Eye	strain	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Eye	irritation	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Eye	watering	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
Please	turn	over	
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	Blurred	vision	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Double	vision	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Eye	dryness	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Headache	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Dizziness	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	
	
	
	Nausea	
	
	 	 	 	 						None		 						Mild	 				Modest	 								Bad	 			Severe	
	
	
	After	using	both	systems,	please	indicate	which	you	preferred	(circle):	
	
I	preferred:	 	 the	first	system	 	 the	second	system
Participant	ID	 		
Expert	 Novice	
Date	of	study	 	
3D	 4K	 Base.	 Half.	 Comp.	
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Appendix	2	–	NASA	TLX	sources	of	workload	
	
Participant	ID	 		
Expert	 	Novice	 3D	 4K	
Date	of	study	 	 Half	way	 At	completion	
	
	
For	different	individuals,	different	factors	affect	whether	a	task	is	perceived	of	as	difficult.	
	
For	example,	some	people	feel	that	a	task	is	hard	if	it	takes	a	long	time,	or	if	it	is	mentally	
demanding.	Others	may	perceive	a	task	as	easy	if	they	do	perform	well	at	it,	in	spite	of	the	above.	
	
Thinking	about	the	tasks	that	you	have	just	completed,	circle	the	word	in	each	box	that	describes	
which	contributor	was	more	important	to	your	experience	of	workload.	
	
	
Effort	
or	
Performance	
Temporal	demand	
or	
Frustration	
Temporal	demand	
or	
Effort	
Physical	demand	
or	
Frustration	
Performance	
or	
Frustration	
Physical	demand	
or	
Temporal	demand	
Physical	demand	
or	
Performance	
Temporal	demand	
or	
Mental	demand	
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Frustration	
or	
Effort	
Performance	
or	
Mental	demand	
Performance	
or	
Temporal	demand	
Mental	demand	
or	
Effort	
Mental	demand	
or	
Physical	demand	
Effort	
or	
Physical	demand	
Frustration	
or	
Mental	demand	
	
	
	
Participant	ID	 		
Expert	 Novice	
Date	of	study	 	
3D	 4K	 Halfway	 At	completion	
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Appendix	3	–	NASA	Taskload	Index	scales	
	
Participant	ID	 		
Expert	 Novice	 3D	 4K	
Date	of	study	 	 Half	way	 At	completion	
	
	
Mental	Demand	 	 	 How	mentally	demanding	were	the	last	two	tasks?	
	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		
							Low	 	 	 	 	 	 	 	 	 	 	 			High	
	
Physical	Demand		 	 How	physically	demanding	were	the	last	two	tasks?	
	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		
							Low	 	 	 	 	 	 	 	 	 	 	 			High	
	
Temporal	Demand	 				How	hurried	or	rushed	was	the	pace	of	the	last	two	tasks?	
	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		
							Low	 	 	 	 	 	 	 	 	 	 	 			High	
	
Performance	 How	successful	were	you	in	accomplishing	what	you	
were	asked	to	do	in	the	last	two	tasks?	
	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		
							Good	 	 	 	 	 	 	 	 	 	 	 			Poor	
	
Effort	 How	hard	did	you	have	to	work	to	accomplish	your	
level	of	performance	during	the	last	two	tasks??	
	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		
							Low	 	 	 	 	 	 	 	 	 	 	 			High	
	
Frustration	 How	insecure,	discouraged,	irritated,	stressed	and	
annoyed	were	you	during	the	last	two	tasks?	
	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 		
							Low	 	 	 	 	 	 	 	 	 	 	 			High	
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Appendix	4	–	Visual	assessment	questionnaire	
	
Participant	ID	 		
Expert	 Novice	 3D	 4K	
Date	of	study	 	
	
	
Please	rate	the	following	characteristics	of	the	system	(circle	as	appropriate):	
	
	
Clarity	of	view	
	
	 	 	 	
	 	 	 	
	
	 	 						Bad	(1)	 									Poor	(2)	 			Fair	(3)	 					Good	(4)	 						Excellent	(5)	
	
Brightness	
	
	 	 	 	
	 	 	 	
	
	 	 						Bad	(1)	 									Poor	(2)	 			Fair	(3)	 					Good	(4)	 						Excellent	(5)	
	
Colour	
	
	 	 	 	
	 	 	 	
	
	 	 						Bad	(1)	 									Poor	(2)	 			Fair	(3)	 					Good	(4)	 						Excellent	(5)	
	
Depth	quality/sense	of	depth	
	
	 	 	 	
	 	 	 	
	
	 	 						Bad	(1)	 									Poor	(2)	 			Fair	(3)	 					Good	(4)	 						Excellent	(5)	
	
Overall	picture	quality	
	
	 	 	 	
	 	 	 	
	
	 	 						Bad	(1)	 									Poor	(2)	 			Fair	(3)	 					Good	(4)	 						Excellent	(5)
